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Abstract 
Two different pillaring linkers, 4,4’- azopyridine (azopy) and bis(4-pyridyl) acetylene (bpa), were 
introduced to two dimensional sheets of [Ni(HBTC)(DMF)2] (where H3BTC = benzene-1,3,5-
tricarboxylic acid and DMF = N,N-dimethylformamide) to form two isoreticular hms topological 
MOFs. Azopy was used to improve CO2 capturing ability since the interaction between the azo group 
and CO2 molecules had a potential for the amount of CO2 uptake. Bpa was selected to increase the 
stability of the structure due to the rigid alkyne group in the linker. Although bpa-hms 
[Ni(HBTC)(bpa)] had a larger porosity, azo-hms [Ni(HBTC)(azopy)] had a greater CO2 adsorption 
amount at the room temperature because of the amino group, interacting with CO2. 
For the pore size control, the hms structures were heated so to form interpenetrated structures 
(hms-c). Under the solvent-assisted environment, the neutral ligands were easily detached and then 
attached to the sheets. It was the first time to demonstrate the interpenetration in the complicated 
topology, besides pcu-net, through the post-synthetic heat treatment. After the interpenetration, 
thereby it was possible to tune the pore size, and enhance the stability of the frameworks. The reduced 
pore size also increased the interaction between the guest molecules and the frameworks. 
Meanwhile, to compensate the extremely reduced porosity of interpenetrated MOFs, the defect-
engineering strategy was implemented. The neutral pillars in hms MOFs were able to be removed 
systematically under the thermal vacuum condition. The vacant sites formed the mesopores, and they 
deserved additional porosity. They can be utilized as active sites for chemical reactions and 
accelerating the mass transportation of guest molecules. Therefore, these hierarchical interpenetrated 
MOFs (hms-d) may be effectively applied to catalytic performance. 
  
- 5 - 
 
  
- 6 - 
 
Contents 
 
Abstract…………………………………………………………………………………….............   4 
I. Introduction…………………………………………………………………………...................   15 
I. 1. Porous metal-organic frameworks……………………………………………….............   18 
I. 1-1. Tuning the structures via combination of starting building blocks………............   20 
I. 1-2. Post-synthetic modification………………………………………………............   22 
I. 1-3. Post-synthetic heat treatment……………………………………………………..   24 
I. 2. Hierarchical porous materials……………………………………………………………   27 
II. Experimental Section………………………………………………………………….……….   38 
III. Results and Discussion………………………………………………………………………...   45 
III.1. de-novo Synthesis of MOFs…………………………………………………….............   45 
III.2. Solvent-Assisted Interpenetrated MOFs………………………………………………..   52 
III.3. Defect-Engineered MOFs via Linker Extraction……………………………………….   63 
IV. Conclusions……………………………………………………………………………………   69 
V. Supporting Information………………………………………………………………………...   71 
REFERENCES……………………………………………………………………………............   81 
Appendix………………………………………………………………………………….……….   86 
  
- 7 - 
 
List of Figures 
 
Figure 1-1. Classification of porous materials depending on pore size and building framework.[
3]
 
Figure 1-2. Pore size and shape of ETS-10. a, Circular pore shape does not discriminate between 
nitrogen and methane. b, Elliptical shape of pore, obtained upon heat treatment, allows nitrogen 
adsorption only. 
Figure 1-3. Progress in the synthesis of ultrahigh-porosity MOFs. BET surface areas of MOFs and 
typical conventional materials were estimated from gas adsorption measurements. The values in 
parentheses the pore volume (cm3/g) of these materials.[11] 
Figure 1-4. Scheme of MOFs and application. 
Figure 1-5. Evolution of the cumulative number of papers related to MOFs (orange), and to MOFs 
and device fabrication (blue), in 2003-2013 period. Source: ISI Web of Science.[14] 
Figure 1-6. Graphical illustration of the construction of some representative coordination 
polymers/MOFs from SBUs and rigid linkers. MOF-5[12a], HKUST-1[23], PCN-222.[24] 
Figure 1-7. Some representative ditopic carboxylate linkers and illustration of formation of extended 
IRMOF networks by replacing acetate with rigid dicarboxylates. Color scheme: Zn (turquoise 
polyhedra); O (red); C (black). 
Figure 1-8. Chemical structures of organic linkers used in the synthesis of IRMOF-74s.[31] 
Perspective views of a single one-dimensional channel with 98 Å pore aperture shown for IRMOF-
74-XI. Color scheme: Mg (turquoise); O (red); C (black). 
Figure 1-9. Some representative ditopic carboxylate linkers used in the synthesis of UiO-MOFs. 
Zr6O4(OH)4(CO2)12 SBU cluster, UiO-66
[32] octahedral cage. Color scheme: Zr (turquoise polyhedra); 
O (red); C (black). 
Figure 1-10. The scheme of core-shell MOFs comprising a porous bio-MOF-11/14 mixed core and a 
less porous bio-MOF-14 shell. 
- 8 - 
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pink spheres). C black, N blue, O red, Zn blue polyhedral. The interpenetrated framework is shown in 
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Figure S5. Experimental N2 adsorption data in azo-hms-d at 77 K, and corresponding NLDFT 
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I. Introduction 
Recently, porous solids are of scientific and technological interest because of their exceptionally 
large surface areas [1] and ability to interact with atom, ions and molecules. They are extremely high 
impact on industrial applications as adsorbents (for separation and storage), ion exchangers, drug 
delivery and catalysts.[2] The number of these benefits from the high order that can be achieved in 
solids such as purely inorganic zeolites, purely organic porous polymers, and organic inorganic hybrid, 
metal-organic frameworks (MOFs) (Figure 1-1). In addition, the distribution of sizes, shapes and 
volumes of the void spaces in porous materials directly relates to their ability to perform the desired 
function in a particular application. Therefore, the need to create uniformity within the pore size, 
shape and volume has steadily increased over recent year because it can lead to superior applications 
properties.  
 
Figure 1-1. Classification of porous materials depending on pore size and building framework.[
3]
 
The pores of solids are classified according to size: pore sizes in the range of 2 nm and below are 
called micropores, those in the range of 2 nm to 50 nm are denoted mesopores, and those above 50 nm 
are macropores (Figure 1-1). Moreover, development of porous structures diversely by creating 
additional porosity, hierarchically structured porous materials containing both micro- and 
mesoporosity also rise. Tremendous efforts have been made to control the size of pores in porous 
materials, as the properties and functions of porous solids are significantly dictated by the size and 
shape of pores in them. For example, a material with uniform micropores, such as a zeolite, can 
separate molecules on the basis of their size by selectively adsorbing a small molecule from a mixture 
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containing molecules too large to enter its pores. Meanwhile in the case of microporous material, 
ETS-10, the role of pore size as well as pore shape affects the separation of molecules. As illustrated 
schematically in Figure 1-2, the pore shape of this material is crucial to discriminate between 
unsymmetrical N2 and symmetrical CH4. This principle, which has led to separation devices that are 
now commercially available, might be extendable to materials with larger pores and the separation of 
larger molecules.[4] 
 
Figure 1-2. Pore size and shape of ETS-10.[4] a, Circular pore shape does not discriminate between 
nitrogen and methane. b, Elliptical shape of pore, obtained upon heat treatment, allows nitrogen 
adsorption only. 
In 1988, the first crystalline microporous material with uniform pores larger than 1.0 nm reported[5] 
synthesizing well-ordered mesoporous materials.[6] Moreover, zeolites and later on zeotypes have 
been well known for more than 20 years, a remarkable boom in the preparation of new types of 
molecular sieves started at the beginning of 1990s.[7] Traditional microporous molecular sieves, such 
as zeolites Y, ZSM-5 have excellent properties related to intrinsic acidity and uniform micropores.
[8]
 
Also, Much synthetic effort has been devoted in several years in particular to the enlargement of the 
size of zeolite channels in order to allow larger molecules to reach the active sites. The increase in the 
accessibility of acid sites located inside the channel systems of zeolite-base molecular sieves would 
result in an increase in the number of reactions catalyzed by catalysts in fine chemical and petroleum 
refining However despite their promise for advanced materials applications, the claim of largest 
surface area of an ordered structure was that of zeolite Y, recorded at 904 m2 g-1.[9] That results in the 
difficult gas transport of reactants to the active sites in the channels or back-diffusion of products.[10] 
On the other hands, with the introduction of MOFs, this has been exceeded, with the range from 1000 
- 17 - 
 
to 10,000 m2 g-1. To date, MOFs with permanent porosity are more extensive in their variety and 
multiplicity than any other class of porous materials; zeolites and carbons (Figure 1-3). 
 
Figure 1-3. Progress in the synthesis of ultrahigh-porosity MOFs. BET surface areas of MOFs and 
typical conventional materials were estimated from gas adsorption measurements. The values in 
parentheses the pore volume (cm3/g) of these materials.[11] 
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I.1. Porous MOFs 
A different approach to preparing microporous solids involves the coordination of metal ions to 
organic linker, thus yielding framework structures. The frameworks comprising metal-organic units 
gained renewed interest in the 1990s, but the inability of theses solids to maintain permanent porosity 
and avoid structural rearrangements upon guest removal or guest exchange has been an obvious 
shortcoming which is leading to collapse of the framework. However, through improved scientific 
knowledge, MOFs that exhibit permanent porosity have now been prepared. [12] 
MOFs generally constructed from metal ions / metal clusters (also known as secondary building 
units, or SBUs) and organic ligands. There are extraordinarily possible combinations of two 
components of MOFs, the organic linkers and inorganic components. Also, the MOF crystals are 
produced by a process of self-assembly, which allows for the spontaneous formation of ordered lattice 
under the proper conditions (Figure 1-4).[13] Due to their structural tunability and enormous internal 
surface area, the field of MOFs has become one of the fastest growing areas in chemistry. The ever-
escalating number of structures, publications, and citations demonstrates the expansion of MOFs 
potential (Figure 1-5).[14] 
 
 
Figure 1-4. Scheme of MOFs. 
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Figure 1-5. Evolution of the cumulative number of papers related to MOFs (orange), and to MOFs 
and device fabrication (blue), in 2003-2013 period. Source: ISI Web of Science.[14] 
 
Porous MOFs are unlikely to compete with zeolites and other oxide-based porous materials in 
high-temperature applications owing to their limited long-term stability under such conditions and 
high cost. But the ability to prepare such solids, including frameworks with extra-large pores and high 
pore volumes, is nevertheless likely to open up many application possibilities. The functionalization 
of the organic component of the framework, or incorporation of functional organic groups directly 
into the framework, may yield porous solids that contain different groups capable of binding guests 
and/or catalyzing chemical reactions involving adsorbed guests. 
Therefore, the MOFs have attracted a lot of attention from not only researchers but also others in 
different fields for potential applications because of their high surface area and tunable porosities 
(Table 1-1). The remarkable capabilities in green chemistry with the accessible surface area in the 
pores is a critical feature, such as in storage media[15] for gases, typically hydrogen and methane and 
the selective materials[16] as high-capacity adsorbents to satisfy versatile gas separation needs. Besides, 
the several applications have been proposed for catalytic reactions in organic and electrochemistry.[17] 
More recently, they have been shown the splendid potentials for various other applications, including 
sensing[18], pollutant sequestration[19], drug-delivery and release[20]  
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Table 1-1. Typical properties and applications of MOFs. MOFs exhibiting the lowest and highest 
values for the indicated property, and those reported first for selected applications, are shown.[1] 
 
I. 1. 1 Tuning the structures via combination of starting building blocks 
As mentioned earlier, in the porous MOFs, the size, shape, and arrangement of the porous crystals 
affect the properties and functions of crystals. Thus, in order to design a target structure, (i) the 
starting building blocks should have the relevant attributes necessary to assemble the skeleton of the 
desired structure; (ii) the synthesis must be adaptable to the use of derivatives of those building blocks 
to produce structures with various functionalities and dimensions. Based on understanding of starting 
building blocks; underlying nets of SBU and organic linker design, the size and shape pore in MOFs 
can be predictable. Overall, it is the combination of both SBUs and organic linkers that determines the 
final framework-topology.[21] 
The successful utilization of underlying nets of SBUs in the formation of certain predicted 
structures and their impact on identifying networks with optimal porosity are evident. The 
symmetrical metal-cluster SBUs are shown and similarly abstracted as regular geometrical shapes 
formed by their points of extension. In MOFs, they are linked by organic linkers such as carboxylates 
and their shape is generally a polygon, polyhedron, or a rod. Representatively, a diamondoid net can 
be construct from 4-connected tetrahedral clusters and ditopic linear linkers, [22] and a cubic net can be 
formed from 6-connected octahedral clusters and ditopic linear linkers (Figure 1-6).[12a] Furthermore, 
based on the flexibility of design of organic SBUs, it is important to identify all the branching points 
(vertices) and individual links (edges) rather than just identifying the envelope (points of extension). 
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Figure 1-6. Graphical illustration of the construction of some representative coordination 
polymers/MOFs from SBUs and rigid linkers. MOF-5[12a], HKUST-1[23], PCN-222.[24] 
In addition, the synthesis of MOFs through linker design with specific concentrates on tuning the 
topology and functionality for different application. The representative MOF with systematic design 
of pore size and functionality in isoreticular frameworks is MOF-5 (IRMOF-1) which consists zinc 
acetate and terephthalate with ditopic carboxylate.[25] O’Keeffe and Yaghi et. al. produce a variety of 
materials with the same network topology using same SBU and ditopic carboxylate linkers with 
different lengths. A strategy is reticulating metal clusters and organic linkers into extended 
networks.[26] As a result, a new class of porous materials isoreticular to MOF-5 were constructed from 
the octahedral Zn4O(CO2)6 clusters and the rigid ditopic linkers, demonstrating a 3-D porous system 
has expanded pore size with the long molecular structures and can be functionalized with organic 
groups. The homogeneous periodic pores can be incrementally varied from 3.8 to 28.8 Å (Figure 1-
7).[12c, 27]  
After then, many reticular MOF series were prepared utilizing diverse connectivity metal clusters. 
The isoreticular MOF-74 structure shows large capacity, high selectivity, and fast kinetics of this 
material for adsorbing CO2 from dry gas mixtures with N2 and O2 make it an attractive adsorbent for 
applications in which zeolites and inorganic bases are currently used, including the removal of CO2 
from air.[30] ] A series of Mg-MOF-74 isoreticular structures with stepwise expansion depending on the 
length of linkers have pore range broadly from 14 to 98 Å; 98 Å is the largest pore aperture reported 
- 22 - 
 
in crystalline materials to date. The extremely stable MOFs, the UiO-66 (UiO = University of Oslo) 
with 12 connected inorganic brick reported in 2008 consists ZrCl4 and terephthalate with ditopic 
carboxylate.[32] It was demonstrated that the regular octahedral cage can be easily expanded with 
increasing length of the linkers. As the length of longer linker increases, the surface area of the 
materials also increases from 1187 m2/g to 4170 m2/g (Figure 1-9). The new structure shows stability 
towards atmospheric moisture, high heat resistance, large void, and a broad variability of substituents 
at the linkers, including functional groups ready for post-synthetic modification.[33] 
The ability to vary the size and properties of MOF structures without changing their underlying 
topology gave rise to the isoreticular principle and its application in making MOFs with the largest 
pore aperture (98 Å) and lowest density (0.13 g/cm3). This has allowed for the selective inclusion of 
large molecules (e.g., vitamin B12) and proteins (e.g., green fluorescent protein) and the exploitation 
of the pores as reaction vessels.[11] Along these lines, the thermal and chemical stability of many 
MOFs has made them amendable to post-synthetic covalent organic and metal-complex 
functionalization. These capabilities enable substantial enhancement of gas storage in MOFs and have 
led to their extensive study in the catalysis of organic reactions, activation of small molecules, gas 
separation, biomedical imaging, and proton, electron, and ion conduction. 
 
Figure 1-7. Some representative ditopic carboxylate linkers and illustration of formation of 
extended  
I.1.2 Post-synthetic modification  
Post-synthetic modification (PSM) is an alternative way to tune the pore shape or size and improve 
the properties of MOFs, depending on desired applications via introducing functional groups into 
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MOFs.[34] The method has been used to achieve the chemical modification of organic and inorganic 
materials where the type of chemical bonds are formed or broken during the post-synthetic approach 
such as (i) building block replacement; (ii) building block or functional group insertion; (iii) 
desolvating the guest molecules in pores of MOFs; (iv) self-assembly as a template (v) partially 
collapse via hydrolysis or acid treatment; (vi) heat treatment with/without intermediate and so on. 
The first very simple example of PSM was with the Cu paddlewheel carboxylate MOF-11.[35] As-
prepared Cu atoms are bonded to four carboxylate O atoms, and the coordination shell is completed 
typically with coordinated water (Figure 1-6). Subsequent removal of the water from the immobilized 
Cu atom leaves a coordinatively unsaturated site (CUS). Many other MOFs with such sites have now 
been generated and have proved to be exceptionally favorable for selective gas uptake and catalysis. 
[36] The first demonstration of PSM on the organic link of a MOF was reported in 2000 for a 
homochiral MOF, POST-1.[37] It involved N-alkylation of dangling pyridyl functionalities with 
iodomethane and 1-iodohexane to produce N-alkylated pyridinium ions exposed to the pore cavity. 
Moreover, the isoreticular MOFs which are hard to prepare by conventional method were obtained 
via organic linker and/or metal ion exchange. The MOFs with hms topology prepared the isoreticular 
series by soaking as-synthesized MOFs in linker solution under appropriate condition.[38] The series of 
isoreticular shows outstanding CO2 capture ability at low pressure and ambient temperature resulted 
from the attraction between framework and gas molecules. Also the MOFs embedded defects have 
been explored and investigated diversely on the potential properties and applications. By the 
hydrolytic PSM was used as preparing mesopores in POST-66 (Y) which have the intended defects 
(Figure 1-9).[39] Hierarchical MOFs consisting micro- and mesopores can be utilized to immobilize 
large guest molecules such as proteins and enzymes. 
 
Figure 1-9. The scheme of hydrolytic post-synthetic transformation in a MOF, resulting in larger 
pores by partial removal of constituents.[39] 
More recently, the important concept of “heterogeneity within order”[40] was forwarded and has led 
to increasing levels of MOF complexity[41], as exemplified by multivariate MOFs.[41c] Additional 
levels of MOF complexity have also been achieved through implementation of a core-shell strategy[42] 
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where one MOF with one set of unique properties is encased within a second MOF with a different set 
of unique properties. Rosi et al. successfully designed and synthesized a cobalt-adeninate core-shell 
structure with a porous mixed ligand core and a water stable bio-MOF-14 shell. They demonstrated 
that the water stable shell protects the water-sensitive core and how the shell can affect the N2 and 
CO2 adsorption behavior, creating a new material that has an internal capacity for CO2 yet excludes 
N2 (Figure 1-10).
[43] 
 
Figure 1-10. The scheme of core-shell MOFs comprising a porous bio-MOF-11/14 mixed core 
and a less porous bio-MOF-14 shell.[43] 
I.1.3 Post-synthetic heat treatment 
The post-synthetic heat treatment is basic but well-considered modification method of MOFs. 
Although the networks of MOFs are constructed with coordination bond between the metal ion or 
cluster and organic linkers, by post-synthetic heat treatment below its framework decomposition 
temperature, the annealed MOF crystals show structural change and/or the local vacancy sites due to 
partial decomposition. In the case of heat treatment above decomposition temperature, the porous 
metal oxide structure based on MOFs can be prepared. 
Recently, Guo et al. suggested a simple and versatile method of achieving highly enhanced CO2 
uptake and binding by simply annealing the MOF structure at a temperature close but not exceeding 
selectively its framework decomposition temperature based on MOF-5.[44] This annealing treatment 
generates vacancy defect induced active sites at the framework linker and CUS as strong adsorption 
binding sites for many guest molecules. Also the retention of the framework structure with a high 
specific surface area and micropore volume synergistically promote the molecular adsorption.  
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Figure 1-11. CO2 uptake characteristic of the annealed samples with respect to the reference MOF 5. 
Schematic showing a MOF-5, annealing induced vacancies in framework structures; color code: C-
black, H-gray, O-red, Zn-green. 
The interpenetration of MOF is a way to tune the porosity drastically by changing structure via 
heat treatment. The interpenetration is generally considered undesirable because of the extremely low 
porosity.[45] On the contrary, many advantageous properties also arise when MOFs are interpenetrated, 
such as selective guest capture[45a], stepwise gas adsorption[46], enhanced framework robustness[47], 
photoluminescence control[48], and guest-responsive porosity[49]. The interpenetrated MOFs via post-
synthetic heat treatment were prepared in Jaheon Kim’s group.[50] Based on the MOF-123, they 
prepared a doubly interpenetrating form, MOF-246 whose crystal structure is identical to the 
backbone of MOF-123 by transformation. The optical microscopy of MOF-246 morphology reduced 
about 50 % in its thickness from 180 μm to 94 μm. 
 
Figure 1-12. (a) catenation and decatenation processes in molecules (left) are observed in three-
dimensional MOFs (right), which can be termed interpenetration and deinterpenetration. (b) MOF-123 
is converted into the interpenetrating crystals of MOF-246 by the removal of coordinated N,N-
dimethylformamide (DMF) (large pink spheres). C: black, N: blue, O: red, Zn: blue polyhedral. The 
interpenetrated framework is shown in green. 
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The nanoparticles (NP) and MOFs composite materials show enhanced properties comparing to 
the pure materials due to such synergistic effects, while more simple preparation methods are required 
for widespread use. Therefore recently, Hiroshi Kitagawa et al. implemented post-synthetic heat 
treatment by partial thermal decomposition of a MOF to generate metal NPs with tunable size within 
the MOF.[51] In order to generate partial decomposition, they heated the prepared Ni-MOF-74 to 
temperatures near decomposition range of the MOFs under vacuum and obtained hybrid materials 
(NPs@MOF) (Figure 1-12). This method was effective for fabricating the metal NP@MOF 
composites, and by tuning the temperature conditions the size of the metal NP was controlled. As a 
result, these hybrid material have the potential to form effective catalysts with high activity and 
selectivity, resulting from the synergistic effects of the several nanometer-scale Ni catalyst and porous 
properties of the MOFs. 
 
Figure 1-12. Scheme of the synthesis of Ni NPs@MOF. 
Moreover, the post-synthetic heat treatment in MOFs above decomposition temperature transforms 
the metal ions in the MOFs to metallic or metal oxide nanoparticles, and the organic ligands into 
carbonaceous structures. This method provide successful preparation of nanoporous carbons derived 
from MOFs with controlled surface areas and porosities.[52] Moon group recently investigated this 
method using aliphatic carboxylate ligand-based MOFs (aph-MOF) and formed the nanoporous (np) 
metal oxides through control of the retention time and the evaporation rate of the organic moieties in 
the frameworks (Figure 1-13).[53] The hierarchical porous metal oxide showed superior performance at 
mass transport and recyclability. Furthermore, large population of surface defect sites on the np-metal 
oxide would affords a definite advantage for practical application. 
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Figure 1-13. Schematic view of the direct conversion form aph-MOF to np-Metal oxide by heat 
treatment under nitrogen atmosphere.  
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I.2 Hierarchical Porous material 
Hierarchical porous materials possessing ordered pores on the micro-, meso- and even 
macroscale[54] have been developed. In general, hierarchical porous structured materials provide large 
surface areas for reaction, superior mass transport of reactants, or dispersion of active sites at different 
length scales of pores and shorten diffusion paths or reduce diffusion effects.[55] However, many 
hierarchical supports contain disordered pore networks, or unintentionally alter the nature of active 
catalytic site incorporated either during synthesizing hierarchical structures. Typical synthetic 
strategies are classed as templating methodologies, self-assembly or post-synthetic treatment. The 
hierarchical porous structure is expected to open new application opportunities.[56]  
Interest in hierarchical porous structures has burgeoned over the past decade. The hierarchical 
structured materials are expected to open a variety of application opportunity based on their various 
characteristics. The first hierarchical macroporous-mesoporous material was report in 1998 by Yang 
et al.,
[57]
 although only recently has their application in catalytic processes been exploited. 
Surprisingly, the use of theses meso-macro materials as catalyst has been the subject of several 
reviews.[58] Besides, the first zeolite-based hierarchical porous films were reported by the early 1990s. 
Zeolite thin films and layers are of interest for use as membranes in separations devices and 
membrane reactors .They can also serve as chemical sensors and hosts for guest species, which in turn 
impart the material with optical, electrical or magnetic properties.[59] In the case of porous carbons, 
they can provide electrically conductive phases as well as intercalations sites. In recent year, 
hierarchically structured porous materials also provide more efficient energy conversion and storage; 
rechargeable batteries, catalytic electrodes for fuel cell, photovoltaic cells (Figure 1-14).[55] 
 
Figure 1-14. Illustration of the potential application on energy conversion and storage of the 
hierarchically porous materials.[55]  
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The design and tunability of pore structures and properties are one of the most attractive strength of 
MOFs. Therefore, many researches demonstrated various approaches for preparing MOFs. Among 
them, the ‘pillared-layer’ strategy is reported as not only one of the systematic methods in modifying 
porosity of MOFs but also control the chemical functionality. This is the way to construct 3-
dimensional structures via connection of durable 2-dimensional layers by pillaring linkers.[60] 
The MOFs of hcb topology could be one of the representative durable 2-D structures. The topology 
looks like a honeycomb built of an infinite hexagon (Figure 1-15a). 3-D Frameworks of hms and gra 
topologies are the networks derived from hcb topology, where the 2-D sheets are interconnected with 
‘pillared-layer’ strategy along the crystallographic ab-plane to form a microporous 3-D structures. 
The neighboring 2-D sheets and metal nodes in hms net are connected in a line along the 
crystallographic c-axis to form an 1-D channel with pillaring linker (Figure 1-15 (c) and (e)). The 2-D 
sheets in gra net are stacked alternatively like A-B-A-B, and the neighboring metal nodes are 
connected to form a three-dimensional microporous structure with pillaring linker (Figure 1-15 (d) 
and (f)). 
Sun Group reported MOFs of hms topology with Ni (II) metal as ‘pillared-layer’ 3-dimensitional 
structures.[61] In the infinite extended sheet layer of [Ni(HBTC)(DMF)2]∙(guest), 1, the nickel (II) is 
coordinated with three H3BTC units. They also successfully obtained a 3-D network 
[Ni(HBTC)(bipy)]∙3DMF, 2, with the neutral pillaring linkers placed in between stacked 2-D layers, 
such as 4,4’-bipyridine (bipy) binding nickel centers. 
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Figure 1-15. (a) hcb topology; (b) the table of the transivity and signature of hms net and gra net; 
(c) connectivity of hms topology; (d) connectivity of gra topology; (e) stacked 3-D structure of hms 
topology; (f) stacked 3-D structure of gra topology. 
The coordination environment of the metal center for 1 is presented in Figure 1-16a, where the 
nickel (II) center is bounded by three BTC units. Also the propagation of alternate nickel centers and 
BTC linkers leads to infinite extended sheets along the ab-plane (Figure 1-16c). The sheets stack 
along the c-axis to give the 3D structure with an approximate distance of 7 Å between adjacent layers. 
The synthesis of compound 2 was based on introducing the bipy ligand under similar condition to 1. 
The single X-ray diffraction revealed that the honeycomb grid layers, constructed by Ni (II) ions and 
BTC groups as in 1, are linked by bipy pillars to form a 3D highly porous framework with hms 
topology (Figure 1-16b). 
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Figure1-16. Coordination environments of Ni (II) ions in the asymmetric units of (a) hcb 2-
dimensional layer and (b) hms 3-dimensional structure pillared with bipy, and a fragment of the 
2D layer (c) included both in hcb and hms structures. 
Lah group also reported a series of isoreticular structures of hms and gra topologies, respectively, 
with different neutral ligands, bipy, dabco (1,4-diazabicyclo[2.2.2]octane) and pz (pyrazine), in order 
to control the pore dimensions and properties (Figure 1-17).[38] The hms MOFs pillared with dabco 
(dabco-hms) and pz (pz-hms) were prepared via post-synthetic ligand exchange from the hms bipy-
MOFs because they were not capable to be synthesized by conventional solvothermal reaction (Figure 
1-18). The MOFs of gra topology were also prepared with bipy (bipy-gra) and pz (pz-gra) via post-
synthetic ligand insertion from the 2-D sheet hcb MOF, [Ni(HBTC)(DMF)2(guest)]. Indeed, the 
structures with hms and gra topology are polymorphic MOFs of the same [Ni(HBTC)(L)] (L = bipy 
or pz) formula, and the same 3,5-connection, but different net topologies. In both of the hms and gra 
structures, the Ni (II) ions in the 2-D sheet, [Ni(HBTC)], of an hcb topology are interconnected to the 
Ni (II) ions of the next neighboring 2-D sheets via pillaring neutral linkers to form the 3,5-c network. 
On the other hand, the polymorphic framework of the hms topology produces a different kind of the 
cage-like pores being aligned along the crystallographic c-axis to form a 1-D channel.[38] 
 
Figure 1-17. The scheme of neutral pillaring ligands (a) bipy; (b) dabco; (c) pz 
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Figure 1-18. The structure of dabco-hms (a) top view, (b) side view and pz-hms (c) top view, (d) 
side view.  
The porosity of hms-MOFs was modified by exchanging the pillaring linker ligand and the 
topology of the MOFs was controlled either via direct solvothermal reactions with the appropriate 
pillaring ligands or via pillar insertions the between 2-D sheets. The interesting result for the smaller 
pore MOFs is shown in the CO2 adsorption and CH4 adsorption at ambient temperature. The amount 
of gas adsorption is greater in the shorter pillared MOFs than it in the bipy pillared MOFs (Figure 1-
19 (a) and (b)). The interaction between framework and guest molecules at room temperature effects 
significantly on the amount of gas uptake; therefore, the frameworks pillared with smaller linkers are 
more beneficial for attraction and capturing the gas molecules. The high adsorption enthalpies of 
frameworks also support the results (Figure 1-19c). 
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Figure 1-19. CO2 sorption isotherms on bp-hms (HB-d), bp-gra (GB-e and GB-i), pz-hms (HP-e), 
and pz-gra at (a) 273 K and (b) 298 K and (c) the adsorption enthalpies. 
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The interpenetration is alternative way to tune the porosity of MOFs. Jaheon Kim’s group reported 
the change of the interpenetration degree using a MOF with pcu topology via post synthetic heat 
treatment. They synthesized a non-interpenetrated 3-D MOF, [Zn7O2(NBD)5(DMF)2] (MOF-123; 
NBD = 2-nitrobenzene-1,4-dicarboxylate) by solvothermal reaction and triggered the transformation 
of non-interpenetrated MOF-123 to a doubly interpenetrated form, MOF-246, [Zn7O2(NBD)5. The 
DMF addition into doubly interpenetrated MOF-246 resulted in the reverse transformation to give 
non-interpenetrated MOF-123 (Figure 1-20b).[22] 
 
Figure 1-20. (a) Catenation and decatenation processes in molecules (left) are observed in three-
dimensional MOFs (right), which can be termed interpenetration and deinterpenetration. (b) MOF-123 
is converted into the interpenetrating crystals of MOF-246 by the removal of coordinated DMF (large 
pink spheres). C black, N blue, O red, Zn blue polyhedral. The interpenetrated framework is shown in 
green.[22] 
According to the variable temperature powder X-ray diffraction (VT-PXRD) patterns, the MOF-
123 undergoes structural changes to produce a new phase via intermediates. And the profile of the 
PXRD patterns indicates the completion of the transformation into a new phase, MOF-246, the 
structure of which is drastically different from the starting component, MOF-123 (Figure 1-21a). As 
the gradual interpenetration requires changes in the porosity of MOF-123, gas adsorption 
measurements were performed to probe the porosity features related to the forward and reverse 
transformation in bulk samples (Figure 1-21b). 
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Figure 1-21. (a) PXRD patterns for the interpenetration along with the heating temperatures. (b) N2 
adsorption isotherms measured at 77 K for the sample, MOF-123, intermediates (a to e), and MOF-
246. The sample have been prepared by heating MOF-123 at (a) 70 ºC, (b) 90 ºC, (c) 140 ºC, (d) 180 
ºC, (e) 220 ºC, and 260 ºC under vacuum.[22]  
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Defect-engineering in MOFs is an interesting concept for tailoring material properties. In fact, the 
defects strongly affect the physical and chemical properties of structures, such as reduced network 
rigidity and structural “imperfection”. In attractive approaches, the defects could give rise to useful 
material properties and functions. One of the good consequences is boosting the porosity of the MOF 
materials, which suggests a potential method to increase the MOF pore volume and surface area in 
MOFs. They often serve as active sites for adsorption and subsequent reactive transformation in 
heterogeneous catalysis. Therefore, a variety of strategies have been reported for manipulating the 
crystal quality and specific properties desired in materials by judicious control over the defect 
structure, that is, “defect engineering” (Figure 1-22).[15] 
 
Figure 1-22. The definition of defects: the missing incorrectly located atoms generate vacancies 
and dislocations in materials. 
By means of a simple and effective method of post-synthetic heat treatment below the framework 
decomposition temperature, structural vacancies could be created in the MOFs, which has important 
implications for additional porosity and molecular binding. Guo et al. generated the MOF-5 with very 
active local vacant sites by partial decomposition of the bridging carboxylates of the framework 
linker.[44] The carboxylate group, which is coordinating the Zn4O tetrahedra, is the weakest bond in 
1,4-benzenedicarboxylic acid.[62] Thus, the weakly bonded carboxylates start to decompose primarily 
at mild annealing temperatures.[63] At high annealing temperatures, the increased mass-loss represents 
a further decomposition of the benzene rings in 1,4-benzenedicarboxylic acid (Figure 1-23). 
The annealed MOF-5 structure show higher total pore volumes than the initial MOF-5. The increase 
of the high pore volume of MOF-5 is in line with a vacant defect-induced enhancement. Furthermore, 
the MOF-5 structure with the ligand vacant sites showed highly enhanced CO2 uptake and binding. 
This annealing treatment generates defects, introducing active sites to the frameworks as strong 
adsorption binding sites for many guest molecules. Also the retention of the framework structure with 
a high specific surface area and micropore volume synergistically promote the molecular adsorption. 
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Figure 1-23. CO2 uptake characteristic of the annealed samples with respect to the reference MOF 5. 
Schematic showing a MOF-5, annealing induced vacancies in framework structures; color code: C-
black, H-gray, O-red, Zn-green.[44] 
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Based on the previous researches on the MOFs with hms topology, herein, we prepared a series of 
isoreticular hms-MOFs using longer linkers than bipy because controlling porosity toward the MOFs 
with smaller pore size than bipy has been reported while the MOFs with larger pore size than that 
with bipy were not explored. It would prove that hms-MOFs were useful for tuning porosity 
systematically based on lengths of pillaring linkers. Therefore, the longer neutral linkers, 4,4-
azopyridine (azopy) and bis(4-pyridyl)acetylene (bpa) were adopted for synthesizing new porous 3-D 
frameworks between 2-D sheets. The linker azopy with N-N double bond could have superior CO2 
capture ability than bipy linker because of the stronger Lewis basicity of the N-N double bond. On the 
other hand, the linker bpa with triple bond is rigid and longer than bipy. The linkers were long enough 
to control porosity of MOFs with hms topology. 
In the MOF with hms topology, the neutral 2-D sheets are pillared by neutral pillaring linker (azopy 
or bpa) through Ni-N coordinated bonds. According to the structural nature, this layer-pillared 
frameworks allow the occurrence of interpenetration. Moreover, upon the increasing length of the 
organic spacers, the occurrence of interpenetration appears to be easier, which usually induces the 
tight structure or microporous frameworks.[64] Since the interpenetrated structure reported before 
through post-synthetic heat treatment was only pcu net, we desired to design another interpenetrated 
MOFs with complex topology via post-synthetic thermal treatment. The hms-MOFs pillared by longer 
neutral linker are expected to derive the interpenetration approach via post-synthetic heat treatment 
under the coordinative solvent condition. 
According to the several reported results, interpenetrated structures were able to enhance the 
stability and tune the pore size drastically. On the other hands, the interpenetrated MOFs are not 
suitable for commercialization due to their extremely low porosity and surface area. To compensate 
the weakness of interpenetrated MOFs, the defect-engineering strategy is implemented to generate the 
intended defects in MOFs before interpenetrating process. Since the MOFs with hms topology are 
constructed with neutral 2-D sheets and pillaring neutral linkers, the selective removal of a neutral 
ligand can be achieved by a soft thermal treatment under vacuum conditions.[65] This approach creates 
the additional porosity by linker vacancies, also it can moderate the concentration of vacancy 
systematically depending on various thermal conditions. Moreover, the removal of linkers from the 
ideal structure generates CUS which can possibly show Lewis acid features which appears catalytic 
performance. 
In final, through combining the defect engineering method and interpenetration strategy by post-
synthetic heat treatment, the hms-MOF can be modified with diverse pore size distribution as 
hierarchical porous frameworks which are consisted with micro- and mesopores. The hierarchical 
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porous MOFs are expected for potential application such as selectivity for molecules and catalysts 
because they can contain lager amount of guest molecules and have benefits for mass transportation.  
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II. Experimental Section 
General Procedures 
All reagents were purchased from commercial sources and used without further purification. 
Elemental analyses (EA) (for C, H, and N) were conducted on an elemental analyzer, Flash 2000, at 
the Ulsan National Institute of Science and Technology, Korea. Fourier Transform–Infrared (FT–IR) 
spectra were recorded as ATR with a NIICOLET iS 10 FT–IR spectrophotometer (3600–400 cm–1). 
PXRD data were recorded using a Bruker D2 Phaser automated diffractometer at room temperature 
with a step size of 0.02 in 2 angle. Simulated PXRD patterns were calculated with the Material 
Studio program[66] using single-crystal structures. Thermogravimetric analyses (TGA) was performed 
under flowing nitrogen gas at a scan rate of 5 ºC min-1, using Q-600 series from TA instruments. 
Nuclear magnetic resonance (NMR) spectra were obtained on a 400-MR DD2 NMR spectrometer.  
Syntheses 
Preparation of MOFs via conventional solvothermal reaction. A series of isostructural MOFs, 
[Ni(HBTC)(L)] (L = azopy and bpa), were prepared via solvothermal reactions that were slightly 
modified from the reported synthetic procedures.7 
Synthesis of [Ni(HBTC)(azopy)], azo-hms. A solid mixture of Ni(NO3)2∙6H2O (0.035 g, 0.12 
mmol), H3BTC (0.02 g, 0.1 mmol) and azopy (0.018 g, 0.10 mmol) was dissolved in mixed solvent of 
10 mL DMF and 5 mL MeOH in a 30 mL glass vial. The solution was then heated in an isotherm 
oven at 60 ºC for 3 days, resulting in reddish green hexagonal crystals, which were collected by 
filtration and washed with fresh DMF. The activated sample was prepared by soaking the crystals of 
azo-hms in fresh DMF for 2-3 days and in methylene chloride (MC) for 1 day and then vacuum-
drying at 120 ºC for 3 hours. The elemental analysis (EA) was performed using the activated sample 
exposed in air for a couple of hours before the analysis. Yield = 45.3 % (24.6 mg). Elemental analysis 
calc. for NiC19H24N4O11: C, 40.79; H, 3.25; N, 9.51 %. Found: C, 41.21; H, 3.2; N, 10.19 %. IR of the 
activated sample (ATR, cm-1): 3195.31 (w, b), 3099.43 (w, b), 1694.02 (w), 1660.03 (m), 1605.68 (s), 
1538.30 (s), 1494.00 (w), 1434.18 (s), 1417.05 (m), 1360.62 (s), 1225.56 (m), 1100.94 (m), 1050.74 
(m), 1020.56 (m), 932.18 (w), 838.94 (s), 757.97 (w), 742.04 (w), 714.63 (m), 680.10 (w) 
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Figure 2-1. azopy 
Synthesis of [Ni(HBTC)(bpa)], bpa-hms. A solid mixture of Ni(NO3)2∙6H2O (0.035 g, 0.12 
mmol), H3BTC (0.02 g, 0.1 mmol), and bis(4-pyridyl)acetylene (bpa) (0.0361 g, 0.200 mmol) was 
dissolved in a mix solvent of 10 mL N,N-diethyl formamide (DEF) and 5 mL EtOH in a 30 mL glass 
vial. The solution was then heated in an isotherm oven at 70 ºC for 3 days, resulting in light green 
hexagonal crystals being formed, which were collected by filteration and washed with fresh DMF. 
The activated sample was prepared by soaking the crystals of bpa-hms in fresh DMF for 2-3 days and 
in MC for 1 day and then vacuum-drying at 120 ºC for 3 hours. The elemental analysis (EA) was 
performed using the activated sample exposed in air for a couple of hours before the analysis. Yield = 
77.6 % (41.7mg). Elemental analysis calc. for NiC21.8H17.5N2O8.5Cl1.5: C, 47.15; H, 3.18 N, 5.04 %. 
Found: C, 46.31; H, 3.21; N, 5.10 %. IR of the activated sample (ATR, cm-1): 3709.23 (w, b), 1662.80 
(m), 1608.80 (s), 1545.82 (m), 1442.95 (m), 1369.05 (s), 1256.84 (w), 1215.06 (m), 1099.51 (m), 
1065.13 (m), 1020.63 (m), 987.86 (w), 932.06 (w), 865.21 (m), 828.24 (s), 759.92 (m), 743.28 (m), 
716.48 (m) 
NN
 
Figure 2-2. bpa 
Preparation of MOFs via post-synthetic heat treatment. Before the heat treatment of MOFs, the 
as-synthesized single crystals were washed with fresh DMF several times and soaked in DMF for a 
couple of days to remove any remaining reactants and side products present in the solvent cavities. 
After the solvent had been decanted, the crystals were air-dried at ambient temperature for a couple of 
hours. 
Synthesis of [Ni(HBTC)(azopy)], azo-hms-c. The crystals of azo-hms presoaked in DMF was 
heated from ambient temperature to 250 ºC, with increasing 5 ºC /min and aging at 250 ºC for 2 hours 
for a complete interpenetration process. The heat treatment changed the color of crystals from reddish 
green to brown. Elemental analysis calc. for NiC19H13N4O7: C, 48.76; H, 2.80; N, 11.97 %. Found: C, 
47.97; H, 2.81; N, 12.22 %. IR of the activated sample (ATR, cm-1): 3232.75 (w, b), 3067.61 (w), 
- 42 - 
 
1661.80 (s), 1604.33 (s), 1567.86 (m), 1538.58 (s), 1489.03 (m), 1446.49 (s), 1418.48 (w), 1383.41 
(s), 1226.01 (m), 1195.59 (w), 1097.61 (m), 1056.45 (m), 1019.73 (m), 939.34 (w), 839.43 (s), 736.97 
(m), 741.66 (s), 719.05 (s) 
Synthesis of [Ni(HBTC)(bap)], bpa-hms-c. The crystals of bpa-hms presoaked in DMF was 
heated from ambient temperature to 300 ºC, with increasing 10 ºC /min and aging at 300 ºC for an 
hour for a complete interpenetration process. The heat treatment changed the color of crystals from 
light green to dark green. Elemental analysis calc. for NiC21H15N2O8: C, 52.32; H, 3.14; N, 5.81 %. 
Found: C, 52.08; H, 2.92; N, 5.82 %. IR of the activated sample (ATR, cm-1): 3074.92 (w,b), 1663.30 
(s), 1609.76 (s), 1546.30 (s), 1504.94 (m), 1447.01 (s), 1383.75 (s), 1324.86 (w), 1256.16 (w), 
1212.62 (m), 1098.06 (m), 1066.69 (m), 1018.37 (m), 941.97 (w), 867.72 (m), 832.05 (s), 760.86 (m), 
741.67 (m), 718.77 (m) 
Crystallographic data collection and refinement of the structures 
Crystals of azo-hms, bpa-hms, azo-hms-c and bpa-hms-c were coated with Paratone oil and the 
diffraction data were measured at 100 K or 173 K using synchrotron (PAL-2D beamline) or Mo K 
radiation equipped with incident beam monochromator. The set of ADSC Q210 ADX program[67] and 
HKL3000sm[68] or the Rapid Auto software package[69] was used for each data collection and 
processing. All structures were determined using direct methods employing SHELXS. The structures 
were refined using full-matrix least-squares calculations employing the SHELXL of the SHELX 
program package.[70] 
All non-hydrogen atoms in structures were refined anisotropically; the hydrogen atoms were 
assigned isotropic displacement coefficients U (H) = 1.2U (C), their coordinates were allowed to ride 
on their respective atoms. The least-squares refinement of the structural model was performed under 
geometry restraints and displacement parameter restraint such as DANG, DELU, DFIX, FLAT, ISOR 
and SIMU. 
[Ni(HBTC)(azo)], azo-hms. Two different kinds of nickel atoms, connecting to BTC ligands and 
azopy molecules, respectively (one is on a general position and the other is on a mirror plane) were 
observed as an asymmetric unit. The final refinement was performed with the modification of the 
structure factors for the electron densities of the disordered solvents (3885.7 Å3 (64.2% of the total 
unit cell volume); 786 electrons correspond to ~ 14 DEF molecules per unit cell) using the SQUEEZE 
option of PLATON.[71] Refinement of the structure converged at a final R1 = 0.0425 and wR2 = 
0.1256 for 5426 reflections with I > 2(I); R1 = 0.0629 and wR2 = 0.1369 for all 7565 reflections. 
The largest difference peak and hole were 0.503 and 0.395 e·Å3, respectively. 
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[Ni(HBTC)(bpa)], bpa-hms. One nickel atom, a half ligand totally, and one quarter bpa molecule 
are observed as an asymmetric unit. The final refinement was performed with the modification of the 
structure factors for the electron densities of the disordered solvents (2188.5 Å3 (66.5% of the total 
unit cell volume); 386 electrons correspond to ~ 9.7 DMF molecules per unit cell) using the 
SQUEEZE option of PLATON.[71] Refinement of the structure converges at a final R1 = 0.0981, wR2 
= 0.2332 for 1404 reflection with I > 2 (I); R1 = 0.1168, wR2 = 0.2518 for all 1921 reflections. The 
largest difference peak and hole were 1.165 and -0.435 e·Å 3,
 respectively. 
[Ni(HBTC)(azo)], azo-hms-c. One nickel atom, two different coordinated ligands with disorder 
placed on crystallographic mm2 site symmetry and disordered half pyrazine are observed as an 
asymmetric unit. The final refinement was performed with the modification of the structure factors for 
the electron densities of the disordered solvents (518.4 Å3 (16.4% of the total unit cell volume); 141 
electrons correspond to ~ 3.5 water molecules per unit cell) using the SQUEEZE option of 
PLATON.[71] Refinement converged at a final R1 = 0.1364 and wR2 = 0.3774 for 2192 reflections 
with I > 2(I); R1 = 0.1898 and wR2 = 0.4123 for all 3954 reflections. The largest difference peak and 
hole were 1.383 and 0.929 e·Å 3, respectively. 
[Ni(HBTC)(bpa)], bpa-hms-c. One nickel atom with crystallographic m2m site symmetry, two 
different coordinated ligands with disorder placed on crystallographic -62m and -6 site symmetry and 
bpa molecule with crystallographic m2m site symmetry are observed as an asymmetric unit. The final 
refinement was performed with the modification of the structure factors for the electron densities of 
the disordered solvents (904.4 Å3 (28.1% of the total unit cell volume); 30 electrons correspond to ~ 
0.75 water molecules per unit cell) using the SQUEEZE option of PLATON.[71] Refinement 
converged at a final R1 = 0.3209 and wR2 = 0.6236 for 643 reflections with I > 2(I); R1 = 0.3567 
and wR2 = 0.6388 for all 945 reflections. The largest difference peak and hole were 2.173 and -1.335 
e·Å 3, respectively. 
A summary of the crystal data for azo-hms, bpa-hms, azo-hms-c and bpa-hms-c is given in 
Tables 3-1 and 3-2. 
Activation of MOFs. The following procedure was used for the activation of all the MOFs. The as-
synthesized crystals were soaked in MC for 1 d: MC was refreshed two times during the soaking 
process. The resulting MC-soaked samples were transferred as a suspension in a BET-sample-cell and 
the solvent was decanted. Then, the crystals in BET-sample-cell is evacuated and dried for a day. 
Gas Sorption Measurements. All of the gas sorption isotherms were measured using a BELSORP-
max (BEL Japan, Inc.) sorption system employing a standard volumetric technique up to saturation 
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pressure. The N2 (purity of 99.9999%) sorption isotherms were monitored at 77 K. The adsorption 
data in the pressure range of < 0.1 P/P0 were fit to the Brunauer-Emmett-Teller (BET) equation to 
determine the BET surface area. The entire set of adsorption data was used to obtain the Langmuir 
specific surface area. The CO2 (purity of 99.9999%) sorption isotherms were measured at 195, 273 
and 298 K, respectively.  
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Table 2-1. X-ray crystallographic data of azo-hms and bpa-hms 
compound azo-hms bpa-hms 
Formula C57H36NO18Ni3 C21H12N2O6Ni 
F.w. 1353.11 447.04 
Temperature (K) 173(2) 173(2) 
Wavelength (λ, Å) 0.71073 0.71073 
Crystal system Monoclinic Hexagonal 
Space group Cm P-62m 
a, Å 16.384(3) 16.624(2) 
b, Å 28.376(6) 16.624(2) 
c, Å 13.079(3) 13.752(3) 
α, deg 90 90 
β, deg 95.57(3) 90 
γ, deg 90 120 
V, Å
 3
 6052(2) 3291.4(9) 
Z 2 3 
Density (g/cm
-3
) 0.743 0.677 
Absorption coefficient (μ, mm-1) 0.503 0.461 
F(000) 1380 684 
Crystal size (mm
3
) 0.30 x 0.29 x 0.10 0.23 x 0.20 x 0.11 
Theta range for data collection(º) 3.005 to 24.000 3.194 to 23.994 
Index ranges 
-18 ≤ h ≤ 18, -32 ≤ k ≤ 32, -14 ≤ l ≤ 
14 
-17 ≤ h ≤ 19, -19 ≤ k ≤ 19, -15 ≤ 
l ≤ 15 
Reflections collected 18603 21708 
Independent reflections 8954 [R(int) = 0.2263] 1921 [R(int) = 0.2087] 
Completeness to theta = 24.000º 
(%) 
99.3 99.3 
Absorption correction Semi-empirical from equivalents Semi-empirical from equivalents 
Max. and min. transmission 0.951 and 0.864 0.951 and 0.901 
Refinement method Full-matrix least-squares on F
2 Full-matrix least-squares on F2 
Data / restraints / parameters 8954 / 542 / 386 1921 / 49 / 90 
Goodness-of-fit (F
2
) 1.016 1.036 
Final R indices [I>2sigma(I)] R1 = 0.1322,
a wR2 = 0.3130
b R1 = 0.0981,
a wR2 = 0.2332
b 
R indices (all data) R1 = 0.2243,
a wR2 = 0.3923
c R1 = 0.1168,
a wR2 = 0.2518
c 
Largest diff. peak and hole (e Å
 -3
) 1.221 and -0.977 1.165 and -0.435 
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Table 2-2. X-ray crystallographic data of azo-hms-c and bpa-hms-c. 
compound azo-hms-c bpa-hms-c 
Formula C9H12N4O6Ni C21H11O6Ni 
F.w. 451.04 446.03 
Temperature (K) 173(2) 173(2) 
Wavelength (λ, Å) 0.670 0.71073 
Crystal system Trigonal Hexagonal 
Space group P-3 P63/mcm 
a, Å 16.621(2) 16.500(2) 
b, Å 16.621(2) 16.500(2) 
c, Å 13.117(3) 13.665(3) 
α, deg 90 90 
β, deg 90 90 
γ, deg 120 120 
V, Å
 3
 3138.1(11) 3221.9(11) 
Z 6 6 
Density (g/cm
-3
) 1.432 1.379 
Absorption coefficient (μ, mm-1) 0.823 0.941 
F(000) 1380 1362 
Crystal size (mm
3
) 0.040 x 0.040 x 0.008 0.280 x 0.180 x 0.060 
Theta range for data collection(º) 2.310 to 23.991 3.305 to 23.994 
Index ranges 
-20 ≤ h ≤ 20, -20 ≤ k ≤ 20, -15 ≤ l 
≤ 15 
-18 ≤ h ≤ 18, -18 ≤ k ≤ 18, -15 ≤ 
l ≤ 15 
Reflections collected 21415 19970 
Independent reflections 3916 [R(int) = 0.1121] 945 [R(int) = 0.6546] 
Completeness to theta = 24.000º 
(%) 
99.7 99.5 
Absorption correction Semi-empirical from equivalents Simi-empirical from equivalents 
Max. and min. transmission 0.993 and 0.968 0.946 and 0.779 
Refinement method Full-matrix least-squares on F
2 Full-matrix least-square on F2 
Data / restraints / parameters 3916 / 240 / 350 945 / 164 / 89 
Goodness-of-fit (F
2
) 1.524 2.139 
Final R indices [I>2sigma(I)] R1 = 0.1508,
a wR2 = 0.4058
b R1 = 0.3209,
a wR2 = 0.6236
b 
R indices (all data) R1 = 0.2024,
a wR2 = 0.4361
c R1 = 0.3567,
a wR2 = 0.6388
c 
Largest diff. peak and hole (e Å
 -3
) 0.952 and -0.943 2.173 and -1.335 
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III. Results and discussion 
III.1. De-novo Synthesis of MOF 
The azopy and bpa were used as pillaring linkers in hms structures. According to the precedent 
researches, certain ligands of MOFs including nitrogen exhibit a good property for capture CO2 gas 
due to the attraction ability comparing to similar structures which are not including nitrogen.[72] The 
ligand, azopy contains two amine sites for improving the attraction between the structure and CO2 gas. 
In the case of bpa, which contains a rigid triple bond, is longer than bipy. Therefore it is expected to 
build MOFs with large pore and surface area systematically. 
The azo-hms and bpa-hms are prepared via conventional solvothermal reaction with modification 
of solvents and precursor ratio from the reported synthetic procedures.[38] Both of two crystals have 
the same stacked 2-dimensional layers consisted with nickel (II) metal and BTC ligand with 3,5-
connect hms topology. The difference between two structures is the lengths of azo ligand and bpa 
ligand coordinated to metals, which are 13.079 Å and 13.764 Å, respectively. Therefore, the 
structures of azo-hms and bpa-hms have similar solvent accessible porosity, 64.2 % and 66.5 %, 
respectively. They possess larger porosity than hms topology pillared with bipy does, 49 %. Moreover, 
the noticeable structural difference between two hms structures is the alignment of metal place which 
is related with a shape of pillaring linker. Azopy ligand does not align in a line due to the tilted two 
amine functional groups and flexibility (Figure 3-1). According to the PXRD patterns, as-synthesized 
crystals were confirmed with simulated PXRD patterns from the corresponding single-crystal models. 
(Figure 3-2) Also the proton nuclear magnetic resonance (NMR) was used to assign the ligand ratio 
consisting the frameworks. Each crystals were decomposed in 0.6 mL deuterium chloride solution; 
DCl, and then the azo-hms crystal was dissolved in deuterium oxide; D2O and the bpa-hms was 
dissolved in dimethyl sulfoxide-d6; DMSO. As shown in figure 3-3, the ligand ratio was determined 
as 1 to 1 by the proton ratio as BTC (3) : pillaring linker (4). 
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Figure 3-1. Crystal structures of azo-hms: (a) top view of the structure as a ball-and-stick diagram, 
(b) side view of the structure as a ball-and-stick diagram and bpa-hms: (c) top view of the structure 
as a ball-and-stick diagram, (d) side view of the structure as a ball-and-stick diagram. Color scheme: 
C, gray; O, red; N, blue; and Ni, cyan.  
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Figure 3-2. PXRD patterns of (a) as-synthesized azo-hms (red) and its simulated PXRD patterns 
from the corresponding single-crystal structure model (black) and (b) as synthesized bpa-hms (red) 
and their simulated PXRD patterns from the corresponding single-crystal structure model (black). 
Figure 3-3. NMR analysis of (a) azo-hms and (b) bpa-hms  
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To evaluate the thermal stability of azo-hms and bpa-hms, a TGA apparatus was used. The solvent 
of synthesized crystals were exchanged from DMF to MC completely. After then, the crystals dried 
under the air atmosphere for an hour and N2 for 10 minutes. Figure 3-4 shows the thermogram of the 
azo-hms and bpa-hms measured at a heating rate of 5 ºC min-1. The azo-hms indicates that free guest 
molecules are removed below 150 ºC and a weight loss of 20 % was observed from ambient 
temperature to 300 ºC in the TG analysis, corresponding to solvent accessible pores (Figure 4-4. 
black). In a case of the bpa-hms, a weight loss of 24 % was observed, which indicates the free guest 
molecules removed completely below 150 ºC and no further weight loss was observed up to 320 ºC in 
the TG analysis (Figure 4-4. red). The weight loss results of azo-hms and bpa-hms were 
corresponding to the solvent accessible pores due to the lengths of pillaring linkers.  
 
 
Figure 3-4. TGA traces of azo-hms (black) and bpa-hms (red). 
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Furthermore, we measured the N2 sorption behavior of azo-hms and bpa-hms to determine the 
porosity (Figure 3-5). As the introduced linkers in the new hms frameworks were longer than bipy-
hms which uptakes about 500 cm3/g, the amount of N2 gas adsorption of azo-hms is 510 cm
3/g and 
that of bpa-hms is 639 cm3/g. The BET surface area of azo-hms is 1910.2 m2/g and that of bpa-hms 
is 2460.9 m2/g. Meanwhile as shown in figure 3-6, in the cases of CO2 gas sorption at 273 K and 298 
K, the azo-hms uptakes more gases than the bpa-hms structure regardless of the limitation of the 
porosity in the frameworks. The azo-hms uptakes CO2 gas 136 cm
3/g and bpa-hms uptakes 86 cm3/g 
at 273 K. In the cased of CO2 adsorption at 298 K, the azo-hms and bpa-hms uptake 71 cm
3/g and 46 
cm3/g, respectively. These interesting results are derived from the interaction between frameworks 
and gas molecules, because the adsorption amount of CO2 gas is significantly related with the 
attraction of polarization and the pore size of frameworks than absolute porosity at ambient condition. 
The reason why azo-hms seems more efficient for CO2 capture ability than bpa-hms is the azo 
functional groups in pillaring linkers. However two hms-MOFs have similar adsorption enthalpy at 
these experimental results by virial theory (Figure 3-7). 
 
Figure 3-5. N2 sorption behavior (77K) of azo-hms (black) and bpa-hms (red). 
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Figure 3-6. CO2 sorption behavior of (a) azo-hms at 273 K (black) and 298 K (red) and (b) bpa-hms 
at 273 K (black) and 298 K (red). 
 
Figure 3-7. Adsorption enthalpy of azo-hms (black) and bpa-hms (red).  
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Thermal Analysis and Powder X-ray Diffraction 
The crystallinities at elevating temperature was measured, with aging for an hour. The VT-PXRD 
seemed that both of the azo-hms and bpa-hms crystals undergo structural changes. As shown in 
figure 3-8b, bpa-hms, the (002) and (004) peaks are broaden at 50 ~ 100 ºC via intermediates, after 
then, going to be sharpen. According to the figure 3-8, the PXRD peaks, such as (001), (002), (003), 
and (004) meaning c-axis, change significantly than any other peaks. The peaks indicating (001) and 
(003) are going to disappear and the peaks (002) and (004) are going to strengthen as temperature 
increase up to 300 ºC. Based on these experimental phenomena, we hypothesized the contraction of 2-
dimensional layers, not simply desolvation of solvents in pores. Therefore, we focused on heated 
MOFs in depth continuously and more additional characterization was operated. 
 
Figure 3-8. VT-PXRD patterns at elevating temperatures (a) as-synthesized azo-hms and (b) as-
synthesized bpa-hms.  
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III.2. Solvent-Assisted Interpenetrated MOFs  
In MOFs prepared by conventional methods, the frameworks are built by coordination bonds 
between metal nodes and organic ligands. In certain crystal cases, the coordinative solvents also 
participate to bind with metal nodes via coordination bonds, as well. The MOFs with hms topology of 
[Ni(HBTC)(L)] do not bind directly with solvent; however, the metal nodes in networks attract free 
solvents at axial direction. Therefore, the free solvents can participate the network-binding system in 
the way to assist to modify the construction, since the free solvents play a role as a bridge between 
metal nodes and neutral pillaring linkers reducing a binding activation energy. For these reasons, the 
hms MOFs with coordinative solvents environment can transform into 2-fold catenated hms MOFs 
(hms-c) in the particular thermal condition (Figure 3-9A).  
Meanwhile, the hms MOFs with non-coordinative solvents environment cannot modify an 
activation energy of bindings between metal nodes and pillaring linkers. Therefore, the hms MOFs 
with non-coordinative solvents environment generate defects in the structures at the same thermal 
condition, because neutral pillaring linkers placing at axial sites of metal ions are evaporated from the 
metal nodes, keeping the 2D hcb sheets which is built with charges. Consequentially, we obtained 
defect generated hms MOFs (Figure 3-9B). 
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Figure 3-9. Scheme of solvent assist interpenetration. A case of hms crystals with coordinative 
solvent (A) and a case of hms crystals with non-coordinative solvent (B).  
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To catenate the structures from hms topology to hms-c, it is important to adjust the thermal 
temperature regarding different neutral linkers. To optimize the temperature, the TGA results of two 
crystals were considered. At first, azo-hms decomposes from 280 ºC; it means neutral azopy between 
2-dimensional sheets is not durable at high temperature above 300 ºC. Therefore, the moderated 
thermal condition for interpenetration is 250 ºC for two hours under N2 atmosphere (azo-hms-c). In 
the case of harsh condition, the unexpected defects are generated in azo-hms-c frameworks as a result 
of the evaporated neutral pillaring linker; azopy. Meanwhile, according to the TG analysis, bpa-hms 
keeps the crystallinities at 320 ºC. Therefore, the heat treatment for bpa-hms was at 300 ºC for an 
hour under N2 condition to form a catenated structure (bpa-hms-c) with any pillaring linker missing.   
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Description of catenated structure (hms-c) 
Most of all, the X-ray studies reveal that hms-c MOFs had 3-dimensional two independent 
frameworks interpenetrated while their backbone connectivity is identical to that of hms MOFs. The 
thicknesses of azo-hms-c and bpa-hms-c contracted to 6.60 Å and 6.85 Å from 13.08 Å and 13.75 Å, 
respectively. The distances are well-fitted with the half of distances from original hms MOFs. Also 
the structures of azo-hms-c and bpa-hms-c have different solvent accessible porosity as 16.4 % and 
28.1 %, respectively. The porosities are lower than expected halves of the porosity of original hms 
MOFs because of the ligand flexibility and their functional groups (Figure 3-10). Moreover the 
powder X-ray diffraction patterns of hms-c MOFs prepared by the heat treatment match to their 
simulated patterns from the single-crystal structure models (Figure 3-11 (a) and (b)). 
To investigate the solvent accessibility in interpenetrated frameworks, the TGA apparatus was 
performed on the each hms-c MOFs. Before the analysis, the crystals were soaked in DMF solvents 
for a day and then dried under ambient atmosphere for an hour. As shown in figure 3-11 (c) and (d), 
the interpenetrated hms-c MOFs have very little accessible solvent molecules in the pores comparing 
hms MOF, ~ 4 % and ~ 6 %, respectively considered as excess DMF and H2O.  
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Figure 3-10. The structure of azo-hms-c (a) top view, (b) side view and bpa-hms-c (c) top view, (d) 
side view. 
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Figure 3-11. (a) PXRD patterns of azo-hms-c (red) and the simulated PXRD patterns from the 
corresponding single-crystal structure models (black), (b) PXRD patterns of bpa-hms-c (red) and the 
simulated PXRD patterns from the corresponding single-crystal structure models (black), (c) TGA 
traces of azo-hms-c (red) and azo-hms (black), (d) TGA traces of bpa-hms-c (red) and bpa-hms 
(black).  
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During interpenetrating process, the defects can be generated by missing pillaring linkers due to the 
heat treatment to the frameworks. To confirm the remained ligands in frameworks, the proton NMR 
was used. According to the 1H NMR spectroscopy result, figure 3-12a, the proton ratio of azopy to 
BTC is 3.9 : 3 and the result identifies a maintenance of azopy linker in frameworks. Also the figure 
3-12b shows bpa-hms-c have a proton ratio of bpa to BTC, 4 : 3, and the data explains the neutral bpa 
pillar is not evaporated during thermal treatment.  
 
 
Figure 3-12. NMR analysis of azo-hms-c and bpa-hms-c. 
 
To characterize the pore size of interpenetrated structure precisely, N2 gas sorption and pore size 
distribution analysis by DFT and PSD fitting was used. In a study of gas sorption, the N2 uptake 
amount reduced from 500 cm3/g, azo-hms to 120 cm3/g, azo-hms-c. And the sorption amount of bpa-
hms-c was 110 cm3/g from 630 cm3/g, bpa-hms (Figure 3-13). The flat sorption behaviors after the 
microporous sorption region indicate that there are any notable mesopores in the structures according 
to a sorption behavior type I. The surface area of interpenetrated structures are 431.88 cm3/g for azo-
hms-c and 449.28 cm3/g for bpa-hms-c. The pore size distribution also guarantees the pores were 
formed homogeneously by solvent-assisted complete interpenetration process. The pore size of azo-
hms-c is 5.5 Å from that of azo-hms, 7.0 Å. The pore size of bpa-hms-c is 5.6 Å from that of bpa-
hms, 7.2 Å (Figure 3-14). 
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Figure 3-13. N2 sorption behavior (77K) of (a) azo-hms (black), azo-hms-c (red) and (b) bpa-hms 
(black), bpa-hms-c (red). 
 
Figure 3-14. Pore size distribution of (a) azo-hms (black), azo-hms-c (red) and (b) bpa-hms (black), 
bpa-hms-c (red). 
Table 3-1. The crystal density, Qst for CO2, thermodynamic CO2 and N2 uptake for activated azo-hms, 
azo-hms-c, bpa-hms, and bpa-hms-c. 
MOF 
Crystal density 
(cm
3
 g
-1
) 
Qst for CO2 
(KJ mol
-1
) 
CO2 uptake at 
273 K (cm
3
 cm
-1
) 
CO2 uptake at 
298 K (cm
3
 cm
-1
) 
N2 uptake 
(cm
3
 g
-1
) 
azo-hms 0.743 22.61 135.74 70.744 510.14 
azo-hms-c 1.432 33.08 49.848 36.432 139.38 
bpa-hms 0.677 23.70 86.055 45.816 638.75 
bpa-hms-c 1.379 34.37 53.711 37.5 121.37 
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In the case of CO2 gas sorption, the amount of uptakes are about 49.85 cm
3/g for azo-hms-c and 
53.71 cm3/g for bpa-hms-c at 273 K, respectively. At 298 K, the amounts of uptake CO2 are 36.43 
cm3/g for azo-hms-c and 37.50 cm3/g, respectively (Figure 3-15). The interesting experimental results 
are the adsorption curves of interpenetrated structures. Although the saturated gas uptake amounts due 
to the limited porosity, the adsorption amounts at low pressures (~ 0.2 P/P0) are increased extremely 
comparing to the non-interpenetrated hms-MOFs. Since the CO2 gas molecules is significantly related 
with the attraction between framework and gas molecules which is affected with the size of accessible 
pore size. Therefore, the results indicate that the pore size of interpenetrated structures is more 
predominant than that of non-interpenetrated structures. Also the adsorption heat enthalpy supports 
the experimental results (Figure 3-16). 
 
Figure 3-15. CO2 sorption behavior (273K & 298K) of (a) azo-hms-c and (b) bpa-hms-c. 
 
 
Figure 3-16. Adsorption enthalpy of azo-hms-c and bpa-hms-c. 
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According to the several reported results, interpenetrated structures could enhance the stability and 
tune the pore size for selectivity of specific molecules. On the other hands, the interpenetrated MOFs 
are not suitable for commercialization. They could not take the most attractions of MOFs such as 
large surface area and porosity. To compensate the weakness of interpenetrated MOFs, we attempt to 
take defect-engineering strategy to generate the intended defects of MOFs.  
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Attempt To generate defect at MOFs by the Conventional Approach. 
 While the solvothermal reaction of H3BTC with ~ 1.2 equivalent of Ni (II) ion in DMF at 60 ºC or 
70 ºC for 3 days in the presence of an equivalent amount of pillaring linkers of azopy and bpa, 
respectively, it led to form the 3-D MOFs with a 3,5-connected hms net topology.[73] A similar 
solvothermal reaction with 0.3 ~ 0.7 equivalent of pillaring linkers produced a mixture of the hms net 
topology and the reported 2-D MOFs, [Ni(HBTC)(DMF)2] (2D-simul), where the 2D sheets of the 
MOFs made of Ni (II) ion and HBTC ligand are the same as those of hms, but the 3-connected nickel 
centers of an hcb net topology are ligated with two additional monodentate DMF molecules (Figure 
3-17). 
 
 
Figure 3-17. PXRD pattern of azo-hms and bpa-hms synthesized with controlled linker ratio (0.7, 
0.5 and 0.3 equivalents). 
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III.3. Defect Engineered MOFs via Linker Extraction 
 Recently, hierarchical porous MOFs are researched interestingly for utilizing various pore sizes in 
MOFs. According to already reported papers, there are several methods to explore hierarchical pores 
using mixed components with fragments [74], controlled acid amounts [75], or PSM [53]. 
 Herein, we used an opposite way of a solvent-assisted interpenetration phenomena of hms 
topology. As mentioned earlier, the hms-MOFs generate defects by extraction of neutral pillaring 
linkers between 2D sheets under the high temperature conditions in the non-coordinative solvent 
environment. Furthermore, we are able to modify the amounts of defects systematically by control the 
heating temperature and aging time. It will encourage us to introduce suitable defects depending on 
the aimed porosity.  
The most difference with interpenetration is the environmental condition whether the free solvent 
can coordinate to metal ions. Therefore first of all, the hms frameworks exchange solvent with MC (A) 
until remove the DMF solvent completely because MC is not coordinative to metal ions in 
frameworks. After then, the crystals were heated in the thermal vacuum system at a specific 
temperature and time. The heated samples were washed with fresh MC solvent several times and 
sonicated sufficiently to remove resident linkers in pores (B). The resident amount of pillaring linkers 
coordinated with metal is confirmed by 1H NMR spectroscopy; the proton ratio of pyridine ligand 
ratio to BTC ligand. Based on these results in various conditions, we identified an extraction tendency 
of neutral pillaring linker depending on the different kinds of linkers (Figure 3-18. A → B). 
After generating DEMOFs by pillaring linker extraction, the DEMOFs were soaked in DMF for a 
day (B’) and air-dried at ambient condition for an hour to promote solvent-assist interpenetration. 
Then, crystals were heated under N2 environment to prepare interpenetration. The prepared crystals 
are defect-engineered interpenetrated hms (hms-d, C). It is important to guarantee no missing 
pillaring linkers in this second process to prevent unexpected defects. Therefore, we confirm pyridine 
proton ratio to BTC proton in 1H NMR of results again by 1H NMR spectroscopy. The crystallinity of 
hms-d with defects maintains, and there is no difference with the simulated pattern of hms-c single 
data (Figure 3-18. B’ → C). 
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Figure 3-18. Scheme of interpenetration MOF with defect. A → B → B’ → C.  
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Description of defect-engineered interpenetrated structure (hms-d) 
We applied various thermal temperature from 170 ºC to 250 ºC to extract neutral pillaring linkers, 
azopy and bpa. The temperature below 200 ºC is not enough to extract linkers, and in that above 250 
ºC, the crystals cannot maintain the crystallinity. Although the range from 220 ºC to 250 ºC is 
acceptable for extracting pillaring linker, however crystallinity of frameworks decompose rapidly as 
keeping temperature time. Since the tunability of amount of resident linkers and the crystallinity of 
samples in enough mild thermal condition, we adopt the 220 ºC as an appropriate evaporating linker 
temperature for both of the azo-hms and the bpa-hms. After removing pillaring linkers in hms-MOFs, 
the crystals are soaked in fresh DMF solvents to dilute resident linkers in pores of frameworks and 
interpenetrate the defected samples. The defected crystals can interpenetrate in the same manner of 
interpenetration method of azo-hms-c and bpa-hms-c. The prepared crystals are the hms-d. 
In both of the azo-hms-d and the bpa-hms-d, the defects are generated as crystals are heated at 220 
ºC for various time. The hms-MOFs with extracted pillaring linkers are analyzed from an hour to a 
day. The amount of resident neutral pillaring linkers are investigated by the 1H NMR spectroscopy 
analysis, comparing with BTC ligand which consists the robust 2-D sheets above 300 ºC. As 
mentioned before, the ratio of conventional pillaring linker; azopy or bpa to BTC is 4 to 3. According 
to the 1H NMR spectroscopy analysis, the amount of resident azopy linker in network is decreased for 
several times and saturated after maintaining 3 hours under the thermal vacuum system. On the other 
hand, the resident amount of bpa pillaring linkers in framework is decreased; the decreasing pace is 
first rapid, then slowed in activity during heating crystal samples in vacuum condition (Figure 3-19). 
Also the PXRD patterns as the heating time indicates the crystallinity of the defected MOF. The 
structure of azo-hms-d maintains the crystallinity despite heating for 1 day under the harsh condition. 
However, the crystallinity of bpa-hms-d get worse rapidly as aging the time in thermal condition 
(Figure 3-20). 
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Figure 3-19. (a) The pillaring linker ratio comparing to BTC depending on the various heating 
temperatures of azo-hms-d (black) and bpa-hms-d (red); (b) The table of pillaring linker ratio 
comparing to BTC depending on the various heating temperatures; azo-hms-d at 220 ºC and bpa-
hms-d at 220 ºC determined by NMR spectroscopy 
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Figure 3-20. PXRD pattern of (a) azo-hms-d and (b) bpa-hms-d depending on thermal aging time; 
azo-hms-da (a : aging time; 1, 3, 24 hours) bpa-hms-db (b : aging time; 1, 3, 9, and 24 hours) 
Both of the azo-hms-d and bpa-hms-d are investigated depending on the thermal aging time, 
respectively. The thermal aging time is marked behind of the samples name; azo-hms-d1, azo-hms-
d3, azo-hms-d24, bpa-hms-d3, bpa-hms d9, and bpa-hms-d24. The hms-d MOFs shows interesting 
adsorption behaviors in N2 sorption uptakes and the pore size distribution was calculated using 
NLDFT pore size distribution. In the series of azo-hms-d, the microporosity is almost maintaining 
and the additional porosities are generated easily. The lasting micropores indicates that the stability of 
azo-MOFs and it is confirmed as the PXRD patterns of azo-hms-d (Figure 3-20a). In the case of the 
mesopores, the pores are distributed around 35 Å. Moreover, the azo-hms-d24 has exceedingly 
various size pores in its structure derived from extraction of pillaring linkers even though the amount 
of linker is similar with the azo-hms-d3 (Figure 3-21b). Meanwhile, the bpa-hms-d3 generates 
mesopores with considerable micropores as shown in Figure 3-22. Red line. As the aging time gets 
longer; bpa-hms-d9 and bpa-hms-d24, the total amount of fragment is increased and the size of 
defect also increased. While the mean value of pore size distribution is not significantly affected 
depending on the variables of aging time. It seems to be that there is not any other defects except the 
empty pillaring linker place and the defects are well-dispersed in whole bpa-MOFs structures (Figure 
3-22b). 
The results indicates that the hms-d MOFs can control the amounts of various pores with different 
size; micro-, meso-, and macropores systematically which is called the hierarchical porous 
frameworks. The MOFs with hierarchical porosity are expected with potential application such as 
catalysts or selective adsorbent based on their pore size selectivity and superior transportation of 
molecules. Furthermore, the PSM method of preparing MOFs can be investigated valuably and 
introduced into other MOFs to improve their properties. 
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Figure 3-21. (a) Sorption behavior of azo-hms-d; (b) Pore size distribution of azo-hms-d; azo-hms-c, 
azo-hms-d1, azo-hms-d3, azo-hms-d24 
 
 
Figure 3-22. (a) Sorption behavior of bpa-hms-d; (b) Pore size distribution of bpa-hms-d; bpa-hms-
c, bpa-hms-d3, bpa-hms-d9, bpa-hms-d24 
 
Table 3-4. Amount of N2 gas uptake of azo-hms-d and bpa-hms-d depending on thermal aging time; 
azo-hms-da (a : aging time; 1, 3, 24 hours), bpa-hms-db (b : aging time; 3, 9, 24 hours) 
N2 uptake (cm
3
 g
-1
) hms-c hms-d1 hms-d3 hms-d24 
azopy 139.38 126.27 307.12 369.89 
N2 uptake (cm
3
 g
-1
) hms-c hms-d3 hms-d9 hms-d24 
bpa 121.37 199.81 230.27 280.66 
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IV. Conclusion 
The isoreticular MOFs with hms topology are synthesized with longer neutral pillaring linkers, 
azopy and bpa. The structures of azo-hms and bpa-hms were determined using single-crystal XRD, 
confirming that two MOFs have the same structure. In the case of azo-hms, the metal nodes of 
frameworks are not aligned due to the shape of ligand. Both of the crystals have larger porosity than 
other hms-MOFs reported before, due to the ligand length. Meanwhile, the azo-hms MOFs show the 
larger amount of CO2 uptake than bpa-hms MOFs at room temperature even though the length of 
azopy is shorter than bpa. The result of sorption experiment is well fitted with the effect of amino 
groups for CO2 adsorption which is related with the chemical interaction between the amino group 
and CO2. 
The thermogravimetric trace of hms-MOFs with longer neutral pillaring linkers indicates the 
transition of peak place slightly, and we found the interpenetrated frameworks with hms topology is 
found after the suitable heat treatments; for azo-hms-c at maintaining 250 ºC for 2 hours, and for bpa-
hms-c, maintaining at 300 ºC for an hour. The structures of interpenetrated hms-MOFs were also 
determined using single-crystal XRD, confirming that two MOFs have the same structure. The 
porosity of hms-c MOFs is significantly reduced and the N2 adsorption amount supports this results. 
However, the CO2 adsorption behaviors of interpenetrated frameworks show unexpected results; 
adsorption amount of CO2 molecules at low pressure (~ 0.15 P/P0) is considerably increased than it of 
azo-hms and bpa-hms since reducing the pore size led the faster and greater CO2 adsorption with 
frameworks under the same sorption condition. 
According to the several reported results, interpenetrated structures were able to enhance the 
stability and tune the pore size for selectivity of specific molecules. On the other hand, the 
interpenetrated MOFs are not suitable for guest molecule storage and separation due to their low 
porosity. Therefore the defect-engineering strategy is applied to generate the intended defects of 
MOFs. Herein, an opposite way of a solvent-assisted interpenetration phenomenon of hms topology 
was used. The hms-MOFs generate defects by extraction of neutral pillaring linkers between 2D 
sheets under the high temperature conditions in non-coordinative solvent environment. Furthermore, it 
was possible to modify the amounts of defects systematically by control the heating temperature and 
aging time. It encourages to generate various pores; micro-, meso-, and macropores, and introduce 
suitable defects, depending on the aimed purpose. 
In the hms-MOFs with non-coordinative solvent environment, the pillaring linker removal leads the 
point defect in porous networks under the thermal vacuum condition. Based on the controllability of 
resident linkers and maintaining crystallinity, temperature of 220 ºC was selected as an appropriate 
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evaporating linker temperature for both of azo-hms and bpa-hms. After removing pillaring linkers 
from hms-MOFs, the crystals are soaked in fresh DMF solvents to dilute resident linkers in pores of 
frameworks, and interpenetrate the defected samples as well. The defected crystals can interpenetrate 
in the same manner of interpenetration method of azo-hms-c and bpa-hms-c. The prepared crystals 
are hms-d. 
The hms-d MOFs show interesting adsorption behaviors in N2 sorption uptakes. Both of the azo-
hms-d and bpa-hms-d are investigated, depending on the thermal aging time. In the series of azo-
hms-d, the microporosity of azo-hms-d is almost maintaining and the additional porosities are 
generated easily. The lasting micropores indicates that the stability of azo-MOFs and it is confirmed 
as the PXRD patterns of azo-hms-d. In the case of the mesopores, two different pores are distributed 
around 10 Å and 35 Å. Also the macropores, which have pore width over 50 Å, are generated for 
heating 3 hours under the vacuum condition. Moreover, the azo-hms-d24 has exceedingly various 
size pores in its MOFs structure. Meanwhile, the bpa-hms-d3 generates mesopores with considerable 
micropores. As the aging time gets longer; bpa-hms-d9 and bpa-hms-d24, the total amount of 
fragment is increased and the size of defect also increased. While the mean value of pore size 
distribution is not significantly affected depending on the variables of aging time. It seems to be that 
there is not any other defects except the empty pillaring linker place and the defects are well-dispersed 
in whole bpa-MOF structures.  
The results indicate that the hms-d MOFs can control the amount of various pores with different 
size; micro-, meso-, and macropores, systematically which is called the hierarchical porous 
frameworks. The MOFs with hierarchical porosity are expected with potential application, such as 
catalysts, selective adsorbent based on their pore size selectivity, and superior transportation of 
molecules. Furthermore, the post-synthetic method of preparing MOFs can be investigated valuably, 
and it would be introduced into other MOFs to improve their properties. 
  
- 73 - 
 
V. Supporting Information 
At the table of X-ray crystallographic data (Table 4-1 and Table 4-2), 
aR = ∑||𝐹𝑜| − |𝐹𝑐||/ ∑|𝐹𝑜|,  𝑃 =
𝐹𝑜2+2𝐹𝑐2
3
.    
bwR(F2) = [
∑ 𝑤(𝐹𝑜2−𝐹𝑐2)2
∑ 𝑤(𝐹𝑜2)2
]
1
2
  𝑤ℎ𝑒𝑟𝑒 𝑤 = 1/[𝜎2(𝐹𝑜2) + (0.1653𝑃)2 + (7.425)𝑃], 𝑃 =
𝐹𝑜2+2𝐹𝑐2
3
 
cwR(F0) = [∑
𝑤(𝐹𝑜2−𝐹𝑐2)
2
∑ 𝑤(𝐹𝑜2)2
]
1
2
 𝑤ℎ𝑒𝑟𝑒 𝑤 =
1
[𝜎2(𝐹𝑜2)+(0.0728𝑃)2+(16.1542)𝑃]
,  𝑃 = (𝐹𝑜2 + 2𝐹𝑐2), 
 
Surface area by the BET method 
BET equation:  𝑣 =  
𝑐𝑣𝑚𝑥
(1−𝑥)[1+(𝑐−1)𝑥]
 eqn. 1 
Where x = P/P0, v is the volume of nitrogen adsorbed per gram of MOF at STP, vm is the monolayer 
capacity, and c is related to the heat of adsorption. And the slope and y-intercept of the line yield c and 
vm. The surface area is then calculated from: 
Surface area: A = v𝑚𝜎0𝑁𝑎𝑣 eqn. 2 
Where σ0 is the cross-sectional area of nitrogen at liquid density (16.2 Å) and Nav is Avogadro’s 
number.[76] 
Table S1. The values resulted from virial-fitting of hms-MOFs; correlation coefficient, c; related to 
the heat adsorption, vm; the monolayer capacity, and surface area of respective MOFs. 
 
 Correlation coefficient c vm (cm
3
(STP) g
-1
) Surface area (m
2
 g
-1
) 
azo-hms 0.9999 14804 438.87 1910.2 
bpa-hms 1.0000 15509 565.40 2460.9 
azo-hms-c 1.0000 5685.5 99.227 431.88 
bpa-hms-c 1.0000 66240 103.22 449.28 
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Figure S1. Vm(P-P0) vs P/P0 for hms-MOFs. Only the range below dot point of P/P0 in respective 
graphs satisfies the first consistency criterion for applying the BET theory. (Left) And the comparison 
of P/(Vm(1-(P-P0)) calculated from the standard range, BET linear fit calculated from the range 
identified through the consistency criteria. (Right); (a) azo-hms; (b) bpa-hms; (c) azo-hms-c; (d) 
bpa-hms-c.   
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Calculation of isosteric heat of adsorption (Qst) 
To extract the coverage-dependent isosteric heat of adsorption, the data were modeled with a virial-
type expression composed of parameters ai and bi that are independent of temperature. 
 ln 𝑃 =  ln 𝑁 +  
1
𝑇
∑ 𝑎𝑖𝑁
𝑖𝑚
𝑖=0 + ∑ 𝑏𝑖𝑁
𝑖𝑛
𝑖=0  eqn. 1 
Where P is pressure, N is the amount adsorbed (or uptake), T is temperature, and m and n determine 
the number of terms required to adequately describe the isotherm. From these results, the isosteric 
heat of adsorption is calculated according to: 
 Q𝑠𝑡 = −𝑅 ∑ 𝑎𝑖𝑁
𝑖𝑚
𝑖=0  eqn. 2 
Where R is the universal gas constant. The coverage dependencies of Qst calculated from the 273 K 
and 298 K CO2 data are presented graphically in Figure 4-7 and Figure 4-16. Errors were propagated 
by taking into account the covariance of the fitting parameters.[77] 
Table S2. The parameters ai and bi that are independent of temperature and fitting correlation between 
the virial-type expression of experimental CO2 pressure in hms-MOFs at 0 ºC and 25 ºC, and 
corresponding virial-fitting. 
 correlation a0 a1 a2 a3 a4 b0 
azo-hms 0.995 -15718.08 1.55954 -0.01086 5.0617E-5 -8.8826E-8 56.01962 
bpa-hms 0.995 -2851.621 2.06513 -0.00648 -2.7065E-6 5.3687E-8 9.20108 
azo-hms-c 0.996 -3979.114 -1.62362 0.1963 -0.00219 1.0107E-5 12.23451 
bpa-hms-c 0.979 -4147.922 13.52387 -0.27219 0.00373 -1.6718E-5 12.50564 
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Figure S2. The virial-type expression of experimental CO2 pressure in hms-MOFs at 0 ºC and 25 
ºC, and corresponding virial fitting. (a) azo-hms; (b) bpa-hms; (c) azo-hms-c; (d) bpa-hms-c  
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NMR spectroscopy analysis 
In the procedure of generating defects on hms-MOFs, the resident amounts of neutral pillaring 
linkers are determined by the integral of NMR spectroscopic analysis.  
azo-hms-d 
The crystals are digested in deuterium choloride (DCl) and deuterium water (D2O) mix solution. 
The plot in Figure S3d demonstrates that the neutral ligand amount in the crystals is gradually 
decreased and saturated as increasing the aging time under the thermal vacuum condition. The peak 
place can be shifted depending on the feeding amount of DCl. 
 
Figure S3. (a-c) 1H NMR spectra of crystals digested in DCl/D2O. The ratios of resident linker 
azopy and BTC in the resulting extraction of neutral linkers are determined using the integrations of 
the peaks; (a) azo-hms-d1; (b) azo-hms-d3; (c) azo-hms-d24; (d) The plot demonstrates the 
increasing incorporation of fragment into the crystals as aging time is increased under the thermal 
vacuum condition.  
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bpa-hms-d 
The crystals are digested in DCl and dimethyl sulfoxide (DMSO-d6) mix solution. The plot in 
Figure. S4f demonstrates that the neutral ligand amount in the crystals is gradually decreased as 
increasing the aging time under the thermal vacuum condition. The peak place can be shifted 
depending on the feeding amount of DCl. 
 
Figure S4. (a-e) 1H NMR spectra of crystals digested in DCl/DMSO-d6. The ratios of resident linker 
bpa and BTC in the resulting extraction of neutral linkers are determined using the integrations of the 
peaks; (a) bpa-hms-d1; (b) bpa-hms-d2; (c) bpa-hms-d3; (d) bpa-hms-d9; (e) bpa-hms-d24; (f) 
The plot demonstrates the increasing incorporation of fragment into the crystals as aging time is 
increased under the thermal vacuum condition.  
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NLDFT pore size distribution 
This particular approach allows the calculation of theoretical adsorption-desorption isotherms in 
pores of given shape. Moreover, the pore size distribution (PSD) Fitting of model porous materials 
constituted, for instance, of cylindrical capillaries or slit-shaped pores, can be approximated from the 
deconvolution of the generalized adsorption equation, which assumes the experimental isotherm to be 
a weighted sum of the theoretical isotherms in pores of different diameters: 
𝑁𝑒𝑥𝑝 (
p
p0
) =  ∫ 𝑁𝑠(𝐷,
𝑝
𝑝0
)𝜑𝑠(𝐷)𝑑𝐷
𝐷𝑚𝑎𝑥
𝐷𝑚𝑖𝑛
 eqn. 
Here, Nexp(p/p
0) represents the experimental isotherm; Ns(D,p/p
0) corresponds to individual 
theoretical isotherms in pores of diameter D; ϕs(D) is the PSD fitting to be determined. The resolution 
algorithm of eqn. allows us to obtain the best sets of pore sizes of a given shape that better fits the 
experimental data.[78] 
The NLDFT treatment, when applied to the log-normal of the experimental isotherm of MOFs with 
hms topology, is in good agreement with some other independent methods such as X-ray diffraction.  
 
Figure S5. Experimental N2 adsorption data in azo-hms-d at 77 K, and corresponding NLDFT 
theoretical isotherms fits in pore of different diameters depending on the aging time under the thermal 
vacuum condition; (a) azo-hms-c; (b) azo-hms-d1; (c) azo-hms-d3; (d) azo-hms-d24. 
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Figure S6. Experimental N2 adsorption data in bpa-hms-d at 77 K, and corresponding NLDFT 
theoretical isotherms fits in pore of different diameters depending on the aging time under the thermal 
vacuum condition; (a) bpa-hms-c; (b) bpa-hms-d3; (c) bpa-hms-d9; (d) bpa-hms-d24.  
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Single crystalline hollow metal–organic
frameworks: a metal–organic polyhedron single
crystal as a sacrificial template†
Hyehyun Kim,a Minhak Oh,a Dongwook Kim,a Jeongin Park,a Junmo Seong,a
Sang Kyu Kwakb and Myoung Soo Lah*a
Single crystalline hollow metal–organic frameworks (MOFs) with
cavity dimensions on the order of several micrometers and hundreds
of micrometers were prepared using a metal–organic polyhedron
single crystal as a sacrificial hard template. The hollow nature of the
MOF crystal was confirmed by scanning electron microscopy of the
crystal sliced using a focused ion beam.
Hollow structures with cavities of nano-/micrometer dimen-
sions at the center of the particles are of great importance
because of their fascinating characteristics such as low density,
high surface-to-volume ratio, low thermal expansion coeﬃcient
and refractive index, and high loading capacity.1–3 So far,
various fabrication methods have been developed to synthesize
the hollow metal/metal oxide nano-/microstructures.4
Metal–organic frameworks (MOFs) have received enormous
attention from researchers during the past couple of decades as
a new class of porous materials, not only because of their high
surface areas, but also because of their diversity and tunability.5–7
Porous MOFs are usually crystalline materials and their pore
dimensions can be modulated by the length of their organic
building units.8,9 However, it remains extremely difficult to
synthesize MOFs with pore dimensions much larger than several
nanometers. The largest pore dimension for MOFs reported to
date is about 10 nm for IRMOF-74-XI.10
Several hollow MOF structures have also been prepared via
synthetic strategies similar to those employed for the preparation of
the hollow metal/metal oxide nano-/microstructures. Hollow MOF
microspheres can be prepared using surface-modified polystyrene
(PS) microspheres as a hard solid template,11,12 emulsion droplets
of PS membrane13 and Tween-8514 as soft liquid templates, and
CO2 bubbles
15 as a soft gas template. The droplets of aqueous
metal solution injected into the flowing ligand-containing organic
solution serve as a sacrificial template and hollow MOF capsules
can be produced at the interface of the aqueous droplet and the
organic solution.16 As inorganic hollow nano-/microstructures,
hollow MOF nano-/microspheres can be obtained via template-
free approaches such as Ostwald ripening17 and a spray-drying
strategy.18 Not all of the reported hollow MOF nano-/microstruc-
tures are single crystalline materials. The shell of the hollow MOFs
is either an aggregate of smaller non-hollow MOF crystals or a
composite of the polymer and the smaller non-hollow MOF
crystals. Selective chemical etching of the core of a surface-
protected MOF single crystal is a template-free approach to a
hollow MOF structure.19 However, the hollow MOF structure
from a single crystalline MOF template is not a single crystal-
line hollow MOF because the shell of a hollow MOF will be
significantly deteriorated during the etching process. Very
recently, a hollow MOF with well-defined surface morphology
was prepared using a solvothermal reaction without a template
and the formation of a hollow cage was proposed through a
surface-energy-driven mechanism.20 However, the identity of
the hollow MOF proposed as Fe-substituted MOF-5 is not
certain. While the molar ratio of Fe to Zn in the proposed
MOF isB3.4, it is well known that the maximummolar ratio of
M to Zn in M-substituted MOF-5 is B0.33.21
Here, we report for the first time the preparation of single
crystalline hollow MOFs with a shell pore of nanometer dimension
and hollow cavity of micrometer dimension via a stepwise synthetic
approach using ametal–organic polyhedron (MOP) single crystal as
a hard sacrificial template (Scheme 1). First, we prepared cub-
octahedral Cu–MOP single crystals with dimensions of either
several micrometers or several hundred micrometers made of
approximately 3 nm MOP building units, [Cu24(hip)24S24] (where
hip = 5-hydroxyisophthalate). Single MOP crystals were used as hard
sacrificial templates. The cuboctahedral Cu–MOP building units of
the MOP single crystal as one type of reactant could be interlinked
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using linear ditopic linkers (1,4-diazabicyclo[2.2.2]octane (dabco),
pyrazine (pz), and 4,40-bipyridine (bipy)) as another type of reactant.
The cuboctahedral Cu–MOP crystals, MOP-micro and
MOP-macro, are obtained from the reactions of Cu(II) ions with
H2hip as a bent ditopic dicarboxylate ligand in DMF (Fig. S1–S5,
ESI†). While a solvothermal reaction without stirring resulted in
single crystals of several hundred micrometers of MOP-macro, a
similar reaction at ambient temperature with stirring produced single
crystals of MOP-micro with dimensions of several micrometers.
Single crystalline hollow MOFs of several hundred micro-
meter dimensions could be prepared by reacting MOP-macro
crystals of several hundred micrometer dimensions with ditopic
linkers in MeOH, where the MOP-macro crystal serves as a
sacrificial template. The MOP crystal serves both as a crystalline
template and as a reactant for the hollow MOF crystal. The
addition of the ditopic linker in MeOH into single crystals of
MOP-macro produced corresponding hollow single crystals of a
[Cu24(hip)24L6(H2O)12] formula unit (where L = dabco (1-macro-h),
pz (2-macro-h), and bipy (3-macro-h)) (Fig. S6 and S7, ESI†).
Optical photomicrographs of the MOF crystals produced from
MOP-macro crystal both as a reactant and as a crystalline template
indicate that all the MOF crystals are hollow (Fig. 1). When a
1-macro-h crystal produced from a MOP-macro crystal in a
MeOH solution of dabco was fragmented, the inner surface of
the hollow crystal was exposed in the fragments (Fig. 1a and b).
When hollow crystals of 2-macro-h and 3-macro-h in MeOH
solutions of pz and bipy, respectively, were fragmented, the release
of small crystalline/fine particles encapsulated in the cavity of the
hollow crystals was observed (Fig. 1d and f). The encapsulation of
the crystalline/fine particles in the inner cavity of the hollow crystal
indicates that the size of the particles is larger than the portal
dimensions of the corresponding shell MOFs. The particles in the
inner cavity are notMOP-macro crystals, which are soluble inMeOH,
but are probably MOF crystals, which are not soluble in MeOH.
The crystal produced in the process of the transformation
from a single crystal of MOP-macro to a hollowed single crystal
of 1-macro-h shows that the MOP-to-MOF transformation
occurs from the surface to the core of the crystal. The trans-
formation intermediate of a single crystal of MOP-macro
changes color from cyan to green and from the surface of the
crystal to the core while maintaining the core of the crystal as
cyan (Fig. 2). In addition, a reactive interface is generated between
the shell of the crystalline MOF and the core of the crystalline
MOP. While the crystalline MOP core in the fragmented inter-
mediate is immediately dissolved in MeOH (Fig. 2c), the compo-
nents at the shell interface become small crystalline particles in
DMF (Fig. 2d).
A series of isoreticular MOFs of micrometer dimensions,
[Cu24(hip)24L6(H2O)12] (where L = dabco (1-micro), pz (2-micro),
and bipy (3-micro)), with solvent cavities of nanometer dimen-
sions could be prepared via stepwise reactions in MeOH using
MOP-macro as a cuboctahedral MOP precursor (Fig. 3 and
Fig. S8, ESI†). The addition of a dabco linker to a MeOH solution
of cuboctahedral MOP precursor immediately produced a crystal-
line powder of 1-micro. The PXRD pattern of 1-micro is very similar
to that of the reported [Zn24(mip)24(dabco)6(H2O)12] MOF (wheremip =
5-methylisophthalate) of ubt topology (Fig. 3).22 Similar reactions using
pz and bipy, respectively, as linkers between the MOP building blocks
also produced corresponding isoreticular MOFs of the same ubt
topology. The PXRD pattern of 2-micro with pz as a linker is very
similar to that of the reported MOF, [Zn24(mip)24(dabco)6(H2O)12],
because the linker dimension of pz in 2-micro is almost the same as
Scheme 1 A MOP single crystal as a sacrificial template for a hollow MOF
single crystal.
Fig. 1 Optical photomicrographs of 1-macro-h, 2-macro-h, 3-macro-h
crystals. (a) A 1-macro-h crystal and (b) the 1-macro-h crystal fragmented in
two with one piece showing the inner cavity in side view. (c) A 2-macro-h
crystal and (d) the 2-macro-h crystal fragmented in three in MeOH. (e) A
3-macro-h crystal and (f) the 3-macro-h crystal fragmented into several
pieces in MeOH.
Fig. 2 The optical photomicrographs of a MOP-macro crystal and its
intermediate in a transformation process to the 1-macro-h crystal ((a)–(c)
scale bar 200 mm, (d) scale bar 500 mm). (a) A MOP-macro crystal in DMF,
(b) its intermediate, the MOP-macro crystal soaked for 20 s in a MeOH
solution of dabco, (c) fragments of the intermediate crystal in MeOH, and
(d) fragments of another intermediate crystal in DMF.
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that of dabco in [Zn24(mip)24(dabco)6(H2O)12] (Fig. 3), and the same
MOPs in the two MOFs are interconnected via similar lengths of
linkers in the same fashion. The strongest reflection peak at about 3.81
in the PXRD pattern of [Zn24(mip)24(dabco)6(H2O)12] is shifted to about
3.31 for 3-micro, which indicates an increase of the unit cell dimension
with the longer bipy linker between the MOP building blocks (Fig. 3).
The PXRD pattern of 3-micro matches well with that of the reported
[Cu24(aip)24(bipy)6(H2O)12] (where aip = 5-aminoisophthalate) of the
same ubt topology with the same bipy linker.23
Hollow single crystalline MOFs of micrometer dimensions
could be prepared by reacting MOP-micro crystals of micrometer
dimensions with ditopic linkers in MeOH (Fig. S9, ESI†). Quick
addition of a MeOH solution of dabco to MOP-micro crystals wet
with a trace amount of DMF produced micro-sized hollow MOF
crystals, 1-micro-h (Fig. S10, ESI†). The shell of a hollow MOF is
not an aggregate of small non-hollow single crystals, but is a single
crystallineMOF. SEM images of the hollow 1-micro-h crystals show
that most have the appearance of ordinary non-hollow crystals
(Fig. S10c and d, ESI†) while some have holes at their surface
(Fig. S11b, ESI†). By contrast, more fragmented hollow MOFs are
observed in hollow 2-micro-h crystals (Fig. S10e and S11c, ESI†).
The inner surface of the fragmented hollow MOF is rougher than
the outer surface. While the outer surface is part of the single
crystalline MOF, the inner surface appears to be an aggregate of
the smaller crystalline particles. Most hollow 3-micro-h crystals
also have the appearance of ordinary non-hollow crystals (Fig. S10g
and h, ESI†), while a few have holes at their surface (Fig. S11d,
ESI†). The crystals have octahedral morphology and have smooth
and clean outer surfaces. The 3-micro-h crystals are quite rigid.
Even after sonication, most 3-micro-h crystals maintain their
morphology and have clean outer surfaces (Fig. S12, ESI†). The
shell of the hollow 3-micro-h is not an aggregate of smaller
crystalline particles, but is a single crystalline particle. Sonica-
tion of hollow 3-micro-h single crystals produced more fragmented
hollow crystals and showed some interesting characteristics
of the hollow MOFs, such as roughness of their inner surface
and the approximate thickness of the fragmented shell MOF
crystals (Fig. S12c, ESI†).
The hollow nature of the micro-h crystals was confirmed
by using focused ion beam-scanning electron microscopy
(FIB-SEM) (Fig. 4 and Fig. S13, ESI†). To see the inner cavity of a
hollow MOF crystal, the crystal was sliced using Ga ion milling. In
contrast to the FIB-SEM image of the sliced non-hollowMOP-micro
crystal (Fig. 4c), that of the sliced hollow 3-micro-h MOF crystal
(Fig. 4d) clearly shows its inner cavity and confirms the hollow
nature of the seemingly non-hollow-like MOF crystal.
The total volume of the 3-micro-h product is much larger than
that of the starting MOP-micro reactant (Fig. 5). The volume
increase in the 3-micro-h crystals is not only the result of expansion
of the unit cell volume of the 3-micro crystal compared with that of
the MOP-micro crystals, but is also because of the formation of a
hollowed cavity of micrometer dimensions (Fig. 5).
Unlike other approaches for hollow MOFs, single crystalline
hollow MOFs could be obtained by using a MOP single crystal as
a sacrificial template. The MOP crystal serves not only as a hard
template, but also as a reactant for single crystalline hollow
MOFs (Scheme 2). At the initial stage, the MOP building units
weakly interacting with each other at the surface of a MOP crystal
diﬀuse outward into the methanol solution containing ditopic
linkers and generate a reactive interface containing both the
MOP building units and the ditopic linkers. The reaction at the
Fig. 3 Comparison of the PXRD patterns of 1-micro, 2-micro and 3-micro
with those of [Zn24(mip)24(dabco)6(H2O)12]
22 and [Cu24(aip)24(bipy)6(H2O)12].
23
Fig. 4 SEM images of (a) a nonhollowMOP-micro crystal and (b) a hollow
3-micro-hMOF crystal obtained from nonhollowMOP-micro crystal. FIB-
SEM images of (c) theMOP-micro crystal sliced by using FIB milling and (d)
the 3-micro-h crystal sliced by using FIB milling after carbon coating.
Fig. 5 (a) The volume of MOP-micro crystals, (b) the volume of the
3-micro crystals obtained from theMOP-micro crystals, and (c) the corre-
sponding volume of the 3-micro-h crystals obtained from the same
amount of the MOP-micro crystals.
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reactive interface generates a thin crystalline microporous MOF
shell, which accompanies the expansion of the overall dimen-
sion of the crystal and the subsequent formation of a new
reactive interface. Because the small ditopic linkers in the MeOH
solvent can still interpenetrate the microporous shell of the
crystalline MOF, a new reactive interface with loosely bound
MOP building units and the ditopic linkers can be generated
between the crystalline MOF shell and the crystalline MOP core.
The microporosity of the crystalline MOF shell results in a
diﬀerence in the diﬀusion rates of the ditopic linkers and the
MOP building units. While the ditopic linkers are suﬃciently
small enough to diﬀuse into the crystal through the micro-
porous crystalline MOF shell, the MOP building units are too
large to diﬀuse out of the crystal through the microporous
crystalline MOF shell. Consequently, the growth of the crystal-
line MOF shell only proceeds inward with the progressive
movement of the reactive interface from the surface to the core
of the crystal. As the formation of the crystalline MOF shell
proceeds, the thickness of the MOF shell increases and the size
of the crystalline MOP decreases. When all the MOP units at the
core of the crystal are expended, single crystalline hollow MOFs
with hollow cavity dimensions of several micrometers and
several hundred micrometers are generated depending on the
size of the MOP single crystals. The formation of the hollow
structure and its dimensions are dependent on several factors
such as the size of the MOP single crystal, the kind of ditopic
linker and its concentration, and the solvent employed. Those
factors also aﬀect the formation of small microcrystals with
varying dimensions at the microscopic/macroscopic pore of the
single crystalline hollow MOF.
In summary, single crystalline hollow MOF structures were
obtained by using a MOP single crystal as a sacrificial hard
template. The formation of the microporous MOF shell in
the hollow MOF occurs via the diﬀusion of the cuboctahedral
Cu–MOP building units at the surface of the templating MOP
single crystal outward to the MeOH solution containing the linker.
While cuboctahedral Cu–MOP building units larger than the pore
dimensions of the microporous MOF shell could not diffuse
outward through the micropores of the MOF shell from the
sacrificial MOP single crystal, linkers smaller than the pore
dimension can diffuse inward through the micropores of the
MOF shell to the cuboctahedral Cu–MOP building unit, which
leads to the formation of the crystalline hollow MOFs. The
dimensions of the hollow MOFs can be controlled by the
dimensions of the sacrificial MOP single crystals. Not only
hollow MOFs of the order of hundred micrometer dimensions,
but also those of the order of micrometer dimensions could
be obtained.
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